Identification and optimization of mixed light emitting layers in phosphorescent multilayer OLEDs by Faßl, Paul






born in Gießen (Germany)
2013

Identiﬁcation and optimization of mixed
light emitting layers in phosphorescent
multilayer OLEDs
This Master thesis has been carried out by Paul Faßl
at the InnovationLab in Heidelberg
under the supervision of
Prof. Dr.-Ing. habil. Wolfgang Kowalsky
and Dr. Norman Mechau

Erkennung und Optimierung von gemischten Emitterschichten
in phosphoreszierenden Multischicht-OLEDs
Phosphoreszierende OLEDs (PHOLEDs) sind aus kleinen Molekülen aufgebaut und
bergen großes Potenzial für eine Vielzahl zukünftiger Anwendungen. Die Eﬃzienz
von PHOLEDs kann mit der von konventionellen Leuchtmitteln schon konkurrieren.
Allerdings zeigen PHOLEDs typischerweise einen stetigen Abfall ihrer Eﬃzienz bei ho-
hen Stromdichten, ein Eﬀekt der als Eﬃzienz-RollOﬀ bekannt ist. Einer der Gründe
dafür ist die hohe Wahrscheinlichkeit für Triplet-Triplet-Annihilationsprozesse. Diese
Prozesse sind einerseits der langen Lebensdauer der phosphoreszierenden Farbstoﬀe
und andererseits einer sehr hohen Triplet-Dichte in der meist sehr engen Rekombi-
nationszone in typischen OLED Heterostrukturen geschuldet. Ein Ansatz um diesen
Roll-Oﬀ zu minimieren ist die Einführung einer gemischten Emitterschicht. Hierbei
werden zwei Materialen gemischt, in denen eines bevorzugt Löcher und das andere
bevorzugt Elektronen transportiert.
Im ersten Teil dieser Arbeit werden die Eigenschaften von PHOLEDs mit einer konven-
tionellen Heterostruktur, einer einheitlich durchmischten Struktur und einer Struktur
mit einem graduellen Übergang detailliert analysiert. PHOLEDs mit einer graduellen
Struktur zeigten dabei im Vergleich zu denen mit einer konventienellen Heterostruk-
tur eine erhöhte Quanteneﬃzienz, einen reduzierten Eﬃzienz-RollOﬀ und eine längere
Lebensdauer. Diese Eﬀekte werden einer verbreiterten Rekombinationszone und einem
besseren Ladungsgleichgewicht in der Emitterschicht zugeschrieben.
Techniken um eine Durchmischung zweier Schichten zu detektieren sind sehr teuer und
zeitaufwändig. Im zweiten Teil dieser Arbeit wurde geprüft, ob Impedanzspektroskopie
sich als geeignetes und kostensparendes Verfahren zur Erkennung des Durschmischungs-
grades zweier Schichten eignet. Es wurden Messungen einschichtiger Proben durchge-
führt um die charakteristischen Parameter der Materialen zu bestimmen. Darauf auf-
bauend wurden zwei Fit-Funktionen formuliert und auf Messungen von Proben mit
unterschiedlichem Durchmischungsgrad angewandt. Eine der Fit-Funktionen war in
der Lage den Grad der Vermischung für alle untersuchten Strukturen sehr gut zu bes-
timmen.
Identiﬁcation and optimization of mixed light emitting layers in
phosphorescent multilayer OLEDs
Phosphorescent OLEDs (PHOLEDs) based on organic small molecules oﬀer a great
potential for a variety of future applications. In terms of eﬃciency PHOLEDs can
already compete with conventional light sources. However, PHOLEDs typically suﬀer
from a steady decrease in eﬃciency at high current densities, known as eﬃciency roll-oﬀ.
One of the reasons for this is the high probability for triplet-triplet quenching processes.
On the one hand these processes happen due to the long lifetime of the triplet phosphors
and on the other hand due to the high triplet density in the rather narrow recombination
zone in common OLED heterostructures. One approach to minimize this roll-oﬀ is to
introduce a mixed host structure in the light emitting layer. This is done by mixing
one mostly hole-transporting material and one mostly electron-transporting material
with each other.
In the ﬁrst part of this thesis, the characteristics of PHOLEDs with a conventional
heterostructure, a uniformly mixed host structure and a graded mixed host structure
were studied in detail. PHOLEDs with a graded mixed structure showed an increased
quantum eﬃciency, a reduced eﬃciency roll-oﬀ and a longer lifetime compared to them
with conventional heterostructure. These eﬀects are attributed to the broadening of
the recombination zone and a better charge balance inside the light emitting layer.
Existing techniques for the detection of intermixing are very expensive and time con-
suming. In the second part of this thesis, it was tested whether impedance spectroscopy
can be used as a suitable and cheap tool to measure the degree of intermixing between
two layers. Measurements of the single materials were made to extract their charac-
teristic parameters. Two ﬁt functions were formulated and applied to measurements
of devices with diﬀerent degrees of intermixing. One of the ﬁt functions was able to
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1. Introduction
Due to their potential applications in electronic displays and solid state lighting,
organic light emitting diodes (OLEDs) have received much attention from researchers
as well as industry since the pioneering work of Tang and VanSlyke, who were the
ﬁrst introducing a double-layer structure for organic semiconductors in 1987 [1].
OLEDs feature eﬃcient light generation with a wide viewing angle and the ability
to be fabricated cost eﬃciently on large area devices and ﬂexible substrates. OLED
displays are presently used in many portable electronic devices and the ﬁrst OLED
ﬂat-panel displays oﬀering brilliant color rendering and low energy consumption have
just entered the market. Other future application possibilites involve the use of
OLEDs for the next generation of solid-state light sources, as sensors in biomedical
applications and in organic laser diodes.
In 1998, Baldo et al. showed that the doping of organic small molecules with
a phosphorescent heavy metal complex allows for the radiative emission of both,
singlet and triplet excitons. This leads to a theoretical internal quantum eﬃciency
of 100% [2]. Thus, in terms of eﬃciency OLEDs can compete with conventional
light sources. However, they typically suﬀer from a steady decrease of eﬃciency at
high current densities, known as eﬃciency roll-oﬀ. It is mainly ascribed to the long
lifetime of the triplet phosphors, resulting in enhanced triplet quenching eﬀects, but
the underyling physics is not fully understood [3]. Future large area illumination will
require OLED luminance levels of about 5000 cd
m2
corresponding to current densities
of >100mA
cm2
[4], while for organic lasers peak current densities of even >1kAmA
cm2
are
needed [5]. Providing a suﬃcient enough lifetime for OLEDs driven at such high
current densities is another challenge [6].
Diﬀerent methods have been proposed in the last decade to reduce the eﬃciency
roll-oﬀ and increase the lifetime of OLEDs, including the broadening of the rather
narrow recombination zone inside the light emitting layer. One approach to do that is
by mixing one mostly electron-tranporting and one mostly hole-transporting material
with each other. The resulting bipolar current shifts the recombination zone away
from the interfaces and thereby leads to a lower roll-oﬀ and improved lifetime [7,8].
A further advantage of the OLED technology is its applicability in solution pro-
cessing, which comes with a strong potential to decrease production costs [9, 10].
Although the resolution of today's printing techniques cannot compete with that of
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inorganic semiconductors, it is suﬃcient enough for lighting applications and pho-
tovoltaics. However, with solution processing new diﬃculties arise: When printing
multiple layers of diﬀerent materials on each other, the solvent of a freshly applied
layer may dissolve the underlying layer. One way to avoid such an intermixing be-
tween two layers is to use solvents which do not dissolve the neighbouring layer
(orthogonal solvents) [11,12]. Presently, especially for small molecules it can be dif-
ﬁcult to ﬁnd truly orthogonal solvents. The solubility in general can be changed by
adding or changing side chains of the molecules which however may lead to changes
in the characteristics of the small molecules. If the solvents are not truly orthogonal,
the solvent of one freshly applied layer may partially dissolve the underlying layer.
This leads to intermixing of the layers, which can alter the device's characteristics.
The most precise methods to identify the degree of intermixing between two
layers is energy resolved electron tomography. This is realized by cutting out a slice
of a sample and analyze it with an energy resolved transmission electron microscope
(TEM) under diﬀerent tilting angles and varying electron energies so that a 3D
image of the samples material composition can be calculated. Another method is
X-ray photoelectron spetroscopy (XPS) in combination with sputtering. X-rays with
a well known energy are used to extract electrons from the surface of a sample in
order to measure the energy spectrum of the electrons. At the same time ions with
a high kinetic energy erode the surface (sputtering) so that layer by layer can be
measured and a depth proﬁle of the sample can be calculated. However, both of
these methods are very expensive, time consuming and destructive so that ﬁnding a
viable alternative would be advantegous [13,14].
Recently, impedance spectroscopy was introduced as an alternative to detect
intermixing in evaporated double layers of Alq3 and NPD [15]. The basic idea of
impedance spectroscopy is that any thin, conductive layer can be described by an
equivalent circuit of a resistor and a capacitor in parallel. The parameters of these
circuit elements are thickness dependent and can be determined by measuring the
impedance spectrum of a device. Afterwards they can be correlated to the intrin-
sic parameters of the material, the conductivity and the permittivity. For the case
that intermixing occurs between two of such layers, it can be expected that the
impedance spectrum diﬀers from that of an ideal double layer without intermixing.
If these changes can readily be identiﬁed, in general the detection of intermixing of
two layers should be possible.
In the ﬁrst part of this thesis, the characteristics of OLEDs with diﬀerent mixed
3host structures are compared: A highly simpliﬁed OLED composed of two organic
layers was used as a test device [16]. This OLED structure exhibits a conventional
heterostructure, where the phoshphorescent dye Ir(ppy)3 is doped into the electron
transporting layer at the vicinity of the hole transporting layer. The hole- and
electron transporting materials are TCTA and TPBI respectively. For eﬃcient hole-
injection from the ITO anode, MoO3 is used and the cathode consists of Calcium
and silver. The emitting layer was modiﬁed by in two diﬀerent ways: One uniformly
mixed host with a mixing ratio of 63:30:7 TPBI:TCTA:Ir(ppy)3 and three graded
mixed host structures with varying thicknesses between 30 nm and 70 nm were pro-
duced. All devices were fabricated by thermal vacuum evaporation. The diﬀerent
OLED-stacks are characterized and compared to each other in detail. The diﬀer-
ences in their LIV-characteristics, eﬃciency roll-oﬀ, emission spectra and lifetime
are discussed and conclusions are drawn.
In the second part of this thesis, devices with a graded mixed structure were
analyzed with impedance spectroscopy in order to identify the intermixed region.
Before this was done, each of the materials - TCTA, TPBI and MoO3 - had been
characterized using impedance spectroscopy and suitable equivalent circuits to ex-
tract their material parameters were introduced. Furthermore, external inﬂuences
arising from the contacting layers as well as from space charges at the interfaces
of the organic materials and the electrodes are analyzed in detail. Finally, two ﬁt
functions for the detection of intermixing in organic layers are introduced and their
applicability is tested for devices with a graded mixed host structure.
This thesis is structured in the following way: In chapter 2 the theoretical principles
are introduced. Firstly, the basic physics of organic semiconductors are described.
Secondly, fundamental aspects concerning organic light emitting diodes are presented
with special emphasis on factors determining their eﬃciency. Thirdly, the basic
principles of impedance spectroscopy are explained and it is introduced as a tool for
the identiﬁcation of intermixed organic layers. Chapter 3 deals with the experimental
setup of the evaporation system and the impedance measurement devices. In chapter
4 the materials and the device fabrication are presented and the structures of the
OLED-stacks are introduced. In chapter 5 the OLED stacks are characterized and
compared to each other in detail. Finally, in chapter 6 the results of the impedance
measurements are summarized and relevant conclusions are drawn.
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2. Theoretical principles
In this chapter, the theoretical principles of this thesis will be introduced. In section
2.1 the general characteristics of organic semiconductors will be illustrated. Subse-
quently, in section 2.2 important features concerning organic light emitting diodes
(OLEDs) are presented, where special focus is given to factors determining the eﬃ-
ciency of phosphorescent OLEDs and to mixed host strucutres. Fundamental aspects
of impedance spectroscopy needed for the understanding of the measurements per-
formed in this thesis are explained in section 2.3.
2.1 Organic semiconductors
Anorganic semiconducting materials are in most cases of crystalline nature. Because
of the existence of a long range order, the electrons experience a periodic lattice
potential resulting in the formation of a band structure. In the ground state, the
highest occupied energy level is called valence band and the lowest unoccupied energy
level forms the conduction band. Free charge carriers inside these bands are strongly
delocalized yielding a high conductivity of these materials.
In contrast, organic semiconducting materials mostly exhibit an amorphous or
polycrystalline structure. The conductivity arises from the formation of pi-orbitals,
which allow for the delocalization of electrons within single molecules. However,
the large distance between adjacent molecules states an energy barrier for charge
carriers, strongly limiting the conductivity of these materials. Organic materials
are divided into two subgroups, namely small molecules and polymers. This thesis
deals with small molecules, but most of the concepts presented in this section are
also applicable to polymers. The sources used for the roundup of the fundamental
principles were: [17,18]. Additonal sources are denoted in the text.
2.1.1 Hybridisation
The deﬁnition of materials as 'organic' arises from the fact that they mainly consist
of carbon atoms. Their six electrons have the electronic conﬁguration 1s22s22p1x2p
1
y.
When a carbon atom is forming a chemical bond, it is energetically most favourable
that the orbitals undergo a so called hybridisation. Here, one of the 2s-electrons is
ﬁrst excited into the remaining free 2p-orbital, yielding the electronic conﬁguration
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Figure 2.1: Left: Reprensation of the processes resulting in an hybridised state. The
core electrons are shown in red, valence electrons in green and the hybrid orbitals in





z. Subsequently, the three pz orbitals and the remaining 1s orbital
can hybridise in three diﬀerent ways, called sp3-, sp2- and sp-hybridisation. These
processes are illustrated on the left side in ﬁgure 2.1.
For the sp3-hybridisation, four new hybrid orbitals are generated with their wave-
functions being a linear combination of the primary orbitals and orthogonal to each
other. The orbitals are arranged in an angle of 109.5◦ to each other (right side of
ﬁgure 2.1). One example for sp3-hybridisation is diamond, where the sp3-orbitals of
neighbouring atom strongly overlap yielding a minimized energy and an energetically
very strong bond.
The electronic properties of organic materials are mainly deﬁnied by sp2-hybridisation,
which is exempliﬁed in more detail in the next section. Here, 2 of the p-orbitals mix
with the 1s-orbital into three hybrid orbitals which are lying on the molecular xy-
plane and are arranged in an angle of 120◦ to each other (see also right side of ﬁgure
2.1). The remaining 2pz-orbital is arranged perpendicular to them.
The sp-hybridisation can explain the linear structure in molecules. It yields 2
hybrid oribtals with an angle of 180◦ to each other and the two remaining p-orbitals
are arranged perpendicular to them. Examples for this hybridisation are ethyne and
magnesium hydride.
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Figure 2.2: Electronic conﬁguration of
benzol. The σ-electrons are strongly lo-
calized between the carbon atoms. The
pz-orbitals of the atoms undergo weak pi-
bonds. These pi-electrons are delocalized














Figure 2.3: Illustration of the energy
levels in an organic semicondctor. The
HOMO deﬁnes the highest occupied and
the LUMO the lowest unoccupied molec-
ular orbitals. Adapted from [23].
HOMO-LUMO level
As already mentioned, the sp2-hybridisation is the basis for the electronic properties
of organic small molecules and polymers. When carbon atoms form bonds, an over-
lap of the sp2-orbitals results in the formation of strong σ-bonds, which split into
two energy levels, one bonding σ-orbital and one antibonding σ*-orbital. They are
the main contributors to the molecular bond and strongly localized between the car-
bon atoms. Additionally, the remaining pz-orbitals yield weaker pi-bonds, which are
also divided into bonding pi- and antibonding pi*-bonds. These orbitals only weakly
contribute to the molecular bond and their electrons are delecalized over all involved
atoms, resulting in a so called pi-electron system. This is exemplary depicted for
benzol in ﬁgure 2.2, where the pi-electrons are delocalzed over the whole benzol-ring.
The smallest energetic excitaion inside such systems arises from the bonding pi- into
the antibonding pi*-orbitals, which are deﬁned as HOMO (Highest Ocuppied Molec-
ular Orbital)- respectively LUMO (Lowest Unoccupied Molecular Orbital) levels and
can be correlated to the valence- and conduction band of anorganic semicondcutors.
Their energy levels are schematically depicted in ﬁgure 2.3.
The lack of a long range order in many organic materials and the according
variation of the intermolecular distances and orientations result in a statistical dis-
tribution of the diﬀerent molecular energy levels. Therefore, the HOMO- and LUMO
level exhibit a gaussian like energetic distribution. Additionally, because of the lim-
ited overlap of the molecular orbitals, molecules only interact via weak Van-der-Waal










crystall amorphous layer 
Figure 2.4: Schematic of the position of the energy levels of a crystalline and an
amorphous semiconductor.
forces, which strongly localizes the electronic states on single molecules. A schematic
diagram of the energetic levels of crystalline and amorphous structures is shown in
ﬁgure 2.4. Typical values for the HOMO-LUMO-gap are in the range of 1,5-3,5 eV..
2.1.2 Charge transport
The charge transport in disordered organic solds is well described within the Bässler
model for hopping transport [25]. The localization of the electrons and the gaussian
distribution of the transport levels result in the presence of a distribution of diﬀerent
energetic barriers for electrons, strongly limiting the charge transport in organic
semiconductors. These barriers can be overcome by a thermally activated process.
The possibility for an electron to "hop" across the potential barrier (hopping rate) is
proportional to the boltzmann factor e−
Ea
kBT , where kBT is the thermal energy and Ea
deﬁnes the energetic barrier. When no external ﬁeld is applied, the averaged hopping
rate is zero. An applied external electrical ﬁeld reduces the energetic barriers in a
preferred direction, which is illustrated in ﬁgure 2.5. The charge carriers are thus able
to overcome the barriers in this direction, yielding a directed current. In general, the
mobility of organic semiconductors is dependant on the temperature T and applied
electric ﬁeld E. Where A common empiric form, able to describe many experimental
observations, is the so-called Poole-Frenkel form of the mobility:





Here, µ0 is the zero-ﬁeld mobility and ∆0 and β are empiric constants. Many other
models exist, taking into account a dependence of the mobility on charge carrier






Figure 2.5: Illustration of the electron transport mechanism described by the hopping
model. An external ﬁeld reduces the energy barrier between two molecular transport
states from Ea1 to Ea0 so that an electron can hop over the barrier. Adapted from [24].
density and holding an improved temperature dependence [2630].
Charge carrier injection
The considerations in this section describe the case for idealized electrodes and as-
sume the HOMO- and LUMO levels to be ﬁxed. However, the principles can be used
for the understanding of the main processes concerning charge injection in organic
semiconductors [31]. Organic semiconductors are normally sandwiched between two
types of electrodes. At the interface between the electrodes and the organic layer
the electrons have to overcome an injection barrier, which is determined by the dif-
ference between the work function of the cathode (ΦC) respectively anode (ΦA) and
the LUMO respectively HOMO level of the organic layer:
Φe = ΦC −WLUMO respectively Φh = WHOMO − ΦA (2.2)
In most cases, the two electrodes have diﬀerent work functions (ΦC 6= ΦA). Before
charges can be injected into the organic layer, an external ﬁeld has to overcome this
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Applying a voltage V , the internal ﬁeld in the organic layer (assuming it to be





For E > 0, charges can be either injected by a thermally activated process or by
tunneling. The ﬁrst case can be approximated by the Richardson equation (intro-
duced for the thermal emission of electrons from a glow cathode in vacuum valves).
Additionally, one must take into account that image charges (Schottky eﬀect) lead
to a reduction of the eﬀective barrier height. In that case, the current density can










Here, A∗ is a constant proportional to the eﬀective mass m∗ of the charge carriers.
The tunneling injection process is approximated for a triangular barrier ΦB and was
















where α is a constant. The two described injection processes are limiting cases and
were ﬁrst introduced for anorganic semiconductors. For organic semiconductors one
has to take into account additional eﬀects for a complete description of the charge
carrier injection process, but this is beyond the scope of this thesis [31].
IV-characteristics
It is interesting to look at the IV-characteristics of organic semiconductors, as they
also determine the general charge transport characteristics of organic light emitting
diodes. The deﬁnitions described here only apply to single-carrier-devices (electrons
or holes), but can be used as a starting point to model the bipolar current behaviour
in OLEDs. Before charges are injected into an organic semiconductor, i.e. for a
voltages below the built-in voltage, only intrinsic charge carriers can contribute to
the current. Owing to the large band gap, the thermally activated intrinsic charge
carrier density in organic semiconductors is much smaller than in their anorganic
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Figure 2.6: Schematic of the three diﬀerent charge transport regimes (ohmic, TCLC,
SCLC) described by equations 2.7, 2.8 and 2.9 assuming a ﬁeld independant mobility.
In real devices, there is a smooth transition between the TCLC and SCLC regime.





Here, q is the elementary charge, µ the mobility of the organic layer, n0 the intrinsic
charge carrier density, V the voltage over the device and d the layer thickness.
In disordered organic semiconductors, there are always trap states present, which
can be assumed to exhibit a gaussian distribution. For voltages above the built-in
potential, free charge carriers are injected into the device and the current increases
abruptly. The trap states are ﬁlled and limit the charge transport, because trapped
charges are immobile and cannot contribute to the current. Conduction in this
voltage range is called Trap-Charge-Limited-Current (TCLC). The current density














Here, Nt is the trap density, n0 the intrinsic charge carrier density, 0 the vacuum
permeability and  the relative dielectric constant of the material. At a voltage
of VTFL most of the trapped states are ﬁlled and the current density characteristics
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approach the so-called Space-Charge-Limited-Current (SCLC) regime. This regime is
the ideal case for organic semiconductors without traps respectively only discrete trap









The three regimes of ohmic conductivity, TCLC and SCLC are illustrated in ﬁgure
2.6, assuming a ﬁeld independant mobility. In real devices there is no abrupt but a
smooth transition between the TCLC and the SCLC regime. Furthermore, at higher
voltages the ﬁeld-dependance of the mobility (equation 2.1) becomes important so
that the slope of the current density can diﬀer from j ∝ V 2.
For bipolar currents as they are present in OLEDs, the situation is more com-
plicated. To be able to describe the IV-characteristics, one has to take into account
the contribution of electrons and holes, their frequency dependant mobilities and
recombination eﬀects (Langevin recombination current) [31, 35, 36]. Furthermore, it
has been shown that for certain combinations of materials and electrodes, at low
injection voltages (in that case tunneling processes are dominant) equation 2.8 is not
determined by the bulk properties of the device, but by trap states induced at the
metal/organic interface [37]. The current in that case is then called injection limited,
but still yields the TCLC behaviour.
2.1.3 Optical properties
In organic molecules excited states can either be generated by the absorption of light
or the recombination of free charge carriers. The absorption of makes it possible to
generate free charge carriers in organic solar cells, whereas the recombination of free
charge carriers is the main factor for electro-luminescence in OLEDs. This section
deals with the creation and transfer of these excited states.
Excitons
When an electron and hole pass each other they are attracted by the electrostatic
coloumbic force and can "recombine" to form a bound electrically neutral state,
which is called exciton. The strong localiziation of the charge carriers in organic
semiconductors leads to relatively high exciton binding energies of about 0.1 eV-1 eV
and the distance between the electron and the hole is of the order of 1nm. Such
excitons are stated as Frenkel-Excitons. Spin multiplicity predicts that 25% of the
excitons are singlet-states with S=0 and 75% are triplet states with S=1.
The Jablonski diagram in ﬁgure 2.7 presents possible transitions between the















































Figure 2.7: Jablonski Diagram, illustrating the electronic states of a molecule and
the transitions between them. The energy is increasing in vertical direction, where
the black lines denote the vibrational states. The time scale for the diﬀerent types
of transitions is speciﬁed. Adapted from [38] and processed.
electronic states of an isolated molecule and these are also valid for excitons. In ver-
tical direction the states are positioned by their energy and in horizontal direction
by their spin multiplicity. Solid lines present radiative and dotted lines non-radiative
transitions. The green arrows represent the absorption of a photon which brings a
molecule to its ﬁrst or second excited singlet state. Subsequently the excited states
transition into the lowest vibronic state by very fast vibrational relaxations and
from higher excited to lower ones via internal conversion (orange arrows). The
radiative decay (red arrow) of singlet states is taking place on a ns time-scale and is
called ﬂuorescence. In contrast, the radiative decay of triplet states with S=1 to
the ground state with S=0, called phosphorescence (blue arrow), is quantum me-
chanically forbidden by transition rules (∆S=0). This ineﬃcient transition explains
the very long triplet lifetime of the order of µs to ms . Hence, the triplet states
preferrably decay non-radiatively to the ground-state. The intersystem crossing
(ISC) describes a transition from a singlet to a triplet state, which is also forbidden.
Howevery, phoshporescence emission and ISC become possible when a strong spin-
orbital-coupling is present, which softens the transition rules. This will be explained
in the next section.
Förster resonance energy transfer
The Förster transfer describes the movement of singlet excitons from an excited
"donor" molecule to an "acceptor" molecular and is based on electromagnetic dipole-
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dipole interactions [39]. The eﬃciency of this transfer mechanism is mainly de-
termined by the distance between the donor and the acceptor and the overlap of
the emission spectrum of the donor with the absorption spectrum of the acceptor
molecule. The Förster radius indiciates the distance for which the eﬃciency of the
transfer is 50% and is typically about 4 nm-10nm for organic materials.
Dexter transfer
The Dexter transfer is the dominant mechanism for triplet exciton energy transfer
and based on direct electron-electron interaction [40]. Hence, the molecular orbitals
of donor and acceptor molecule have to overlap signiﬁcantly which limits the range
of this transfer mechanism to about 1nm.
Exciton diﬀusion
The diﬀusion length of excitons in organic semiconductors is determined by the
lifetime of the singlet respectively triplet excitons and by the eﬃciency of the Förster
and the Dexter transfer mechanisms [4143]. The lifetime of triplet excitons spans
from a few µs to ms and is in general much longer than that of singlet excitons.
However, the dexter transfer is less eﬃcient than the Förster transfer. For singlet
excitons diﬀusion lengths in the nm range have been reported, whereas the ones
of triplets can span from a few nm to a few µm. The knowledge that triplets can
diﬀuse this far has to be incorporated in the process of developing highly eﬃcient
phosphorescent OLEDs.
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2.2 Organic light emitting diodes
Already in 1964 Helfrich and Schneider demonstrated electroluminescence from a sin-
gle semiconducting layer between two electrodes [44]. However, the required voltage
was at about 100V and thus the eﬃciency was very low. In 1987 Tang and vanSlyke
introduced an organic semiconducting double layer structure sandwiched between
anode and cathode [1]. Since then, organic light emitting diodes have received much
attention from researchers and industry, especially because of their potential appli-
cation in ﬂat panel displays and solid state lighting [45,46].
2.2.1 Working principle
In ﬁgure 2.9 (a) the energy level alignments and electronic paramters of a simple
single layer OLED under an applied DC voltage V are depicted. Before a current
can ﬂow, the build-in potential has to be overcome, which for an OLED in the
most cases is equal to the diﬀerence of the electrode work functions Vbi = ΦA − ΦC .
With increasing voltage, holes are injected from the anode into the HOMO and
from the cathode into the LUMO of the organic layer, where the alignment of the
HOMO/LUMO levels lead to a preferred hopping into the direction of the electrodes.
The injection depends on the energies of the LUMO and the HOMO levels relative
to the work functions of the electrodes as was described in 2.1.2. After the charge
carriers are injected, holes and electrons in the organic layer are able to recombine
forming excitons which can decay radiatively. This simple structure usually does not
yield balanced charge injection and transport, resulting in charges ﬂowing through
the organic layer without recombining (dark current) [47] and thus a decreased eﬃ-
ciency. The introduction of additional layers can resolve the issue of overﬂow charges
and is illustrated in ﬁgure 2.9 (b). In this strcture a hole-transporting-layer (HTL),
an electron transporting-layer (ETL) and a light emitting layer (EML) are combined.
The energy levels and properties of the materials are chosen for good charge injection
and balanced charge transport. Additionally, the large energy barriers for holes and
electrons at the EML/ETL respectively HTL/EML interfaces eﬃciently conﬁnes the
charge carriers inside the EML. The result is a high recombination eﬃciency. For in-
creased overall eﬃciencies, charge-inejecting, charge-blocking, exciton-conﬁning, and
p- and n- doped transport layers can additonally be implemented [48].













Figure 2.8: Simpliﬁed illustration of the working principle of an OLED under an
applied voltage V. (a) OLED consisting of only one organic layer and (b) OLED
consisting of three organic layers, namely a hole-transport-layer (HTL), an electron
transport layer (ETL) and an emitting layer (EML). Details in the text. Taken
from [49] and processed.
Fluorescent and phosphorescent recombination
Assuming that all of the injected charge carriers recombine and there is a balanced
charge transport, the eﬃciency of an OLED is dependant on the number of generated
excitons which result in the emission of light. For materials based on small molecules,
simple spin statistics predict that 25% of the generated excitons occupy singlet states
whereas 75% occupy triplet states [43, 50]. In ﬂuorescent devices, the triplet states
preferentially decay non-radiatively and the quantum quantum eﬃciency limited to
25% (see left side of ﬁgure ??). For certain polymers the singlet-to-triplet ratio was
reported to vary so that higher ﬂuorescent eﬃciencies are possible [51, 52].
In 1998, Baldo et al. showed that phosphorescent dyes (metal-organic complexes
with heavy transition metals), which are doped into an organic host matrix, result in
a strong enhancemant of OLED eﬃciency [2]. The central heavy metal atom leads
to a strong spin-orbit-coupling (SOC) between the host and dopant. This gives rise
to eﬃcient dexter transfer of the triplets from the host to the dopant. Furthermore,
excited singlet state on the dopant molecules can eﬃciently be transferred to their
triplet state by intersystem crossing (ISC) [41]. The diﬀerent energy transfer mech-
anisms in a host-dopant system are illustrated in ﬁgure ??. The triplets can now
decay radiatively to the ground state resulting in phosphorescence. In principle the













Figure 2.9: Detailed energy transfer mechanisms from an organic matrix to a phos-
phorescent dopant for singlet- and triplet excitons [50].
intrinsic quantum eﬃciency in such devices can reach up to 100% [53,54].
Another possibility for the generation of excitons in a host-dopant system can
be achieved by direct charge trapping. Here, the holes respectively electrons are
transferred from the HOMO respectively LUMO level of the host to that of the
dopant and excitons are directly generated on the dopant molecule. Charge trapping
can signiﬁcantly inﬂuence the electric characteristics and eﬃciency of OLED devices
[55].
Radiometric and photometric quantities
For the characterization of electromagnetic radiation there are two diﬀerent systems,
namely radiometry and photometry. Every quantity in one system has an analogous
in the other system, called photometric and radiometric quantities [56]. They are
presented in table 2.1. The radiometric quantities are based on the absolute power
emitted from a lightsource and described by the SI-unit Watt. For photometric
quantities every wavelength is weigted according to the sensivity of the human eye
Table 2.1: Radiometric and the corresponding photometric units.
Radiometric quantity SI-unit Photometric quantiity SI-unit
Radiant ﬂux Φe W Luminous ﬂux Φv Lumen lm
Radiant intensity Ie W/sr Luminous intensity Iv Candela cd=lm/sr
Radiance Le W/m2/sr Luminance Lv cd/m2
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to it and described by the SI-unit lumen. The corresponding quantity to radiant ﬂux






Φe (λ) · V (λ) (2.10)
V (λ) is the luminous function which describes the average spectral sensitivity of the
human eye with its maximum at a wavelength of 555nm. Km equals 683 lmW−1
and is determined by the deﬁnition of the lumen to be unity at a radiant energy of
1/168W at this wavelength. The luminous intensity is deﬁned as the luminous ﬂux
in a particular direction per unit solid angle and the luminance relates the luminous
intensity of a light source to its emitting area.
Quantum eﬃciency
After the injection of electrons and holes from the electrodes, the charge carriers
recombine in the EML to produce photons. The internal quantum eﬃciency ηint is
deﬁned as the ratio of the total number of photons generated within the organic
emitter to the number of injected electrons. The external quantum eﬃciency ηeqe is
deﬁned as the ratio of photons coming out of the device to the number of injected




= χout · ηint = χout · γηexφp. (2.11)
Here χout is the out-coupling eﬃciency of an OLED device, γ the electron-hole charge
balance factor, ηex the number of the generated excitons which result in radiative
decay and φp the intrinsic quantum eﬃciency for radiative decay. For a normal
glass substrate without any outcoupling-enhancing techniques χout ≈ 0, 2. Light
which is emitted at angles above a certain critical angle θC which accounts for about
80% of generated photons is lost in wave-guided modes due to the diﬀerence of the
refractive indexes of glass substrate, ITO and organic materials. It is either trapped
inside the glass substrate or emitted from the edges [57]. These loss mechanisms are
illustrated in ﬁgure 2.10. The intrinsic quantum eﬃciency for some phosphorescent
dye materials reaches values near 100%, which means that the non-radiative loss is
very small [48,59].
Shukla et al. recently presented a simple method to estimate the external quan-
tum eﬃciency and the calculated values showed good agreement with measured val-
ues [60]. For this approach, only the spectral emission pattern and the LIV charac-















Figure 2.10: Schematic of the light propagation in various modes in a multilayer
OLED-device due to the diﬀerent refractive indexes of substrate, ITO and organic
layers. Only light emitted at angles smaller than θC can escape from the surface.
Adapted from [57].
teristics of the device have to be measured. With equation 2.10, one can determine






683 · V (λ) · hc (2.12)
OLEDs are in ﬁrst approximation lambertian radiators, for which the total luminous
ﬂux Ftot in the half sphere from an emitter with area A can be calculated from the
peak luminance Ltot measured in forward direction:
Ftot = piLtotA (2.13)
At a certain wavelength λ the total luminous ﬂux can be expressed as
Ftot (λ) = piL (λ)A. (2.14)
Furthermore, as the luminance is directly proportional to the emission intensity of
an OLED, we can write
L (λ) = αV (λ) I (λ) (2.15)
, with α being a constant. Combining equation 2.12-2.15 and integrating over the
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visible spectrum the total number of photons emitted externally by the device can




N1lm (λ) · Ftot (λ) dλ = piA




The constant α can be obtained by taking measurements of the total luminance Ltot




L (λ) dλ = α
780nm∫
380nm
I (λ) · V (λ) dλ. (2.17)
Now substituting the value of α in 2.16 and calculating the number of injected




the external quantum eﬃciency with equation 5.2:
ηeqe =
piA · ID · Ltot
683 · ehc ·
∫ 780nm
380nm
I (λ) · λdλ∫ 780nm
380nm
I (λ) · V (λ) dλ (2.18)
The luminous or power eﬃcacy ηP (unit lm/W) of an OLED is used as a measure
of how eﬃcient it converts electrical power into visible light and can be calculated
using equation 2.13:
ηP =
pi · Ltot · A
UD · ID . (2.19)
In chapter 5, equations 2.18 and 2.19 are used to compare the eﬃciencies of the
analyzed OLEDs.
2.2.2 Quenching eﬀects in phosphorescent OLEDs
The strong increase of the quantum eﬃciency for phosphorescent OLEDs (PHOLEDs)
was a major breakthorugh, but they often exhibit a steady decrease of eﬃciency at
higher current densites, known as eﬃciency roll-oﬀ. Due to the long lifetimes of
many phosphorescent dyes of the order of µs, there exist some quenching mecha-
nisms which result in non-radiative decay of excitons. These will be described in the
following [61]:
Exciton-exciton annihilation
The high exciton density and their diﬀusion processes in PHOLEDs leads to a high
probability of two excitons interacting before they decay radiatively [62]. Exciton-
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exciton annihiliation occurs when this interaction results in a non-radiative decay. In
PHOLEDs the excited singlet excitons are eﬃciently transferred to the triplet state
of the dopant so that singlet-singlet-interactions can be neglected. The governing
process is Triplet-Triplet-Annihilation (TTA) [63,64]:
3D∗ +3A∗ ⇒ 1D +3A∗ (2.20)
The interaction between an excited triplet donor 3D∗ and an excited triplet acceptor
3A∗ results in a transition of the donor to the singlet groundstate 1D. This process
scales with the square of triplet exciton density and is often the limiting factor for
the OLED quantum eﬃciency at high brightness.
Triplet-polaron annihiliation
Another quenching process is caused by the interaction between triplets and trapped
charges and is called triplet-polaran annihilation (TPA). Depending on the type of
charge involved, it can be expressed as [63]:
3D∗ + A∗
+




This process scales linearly with the triplet exciton density and should thus be less
relevant in comparison to TTA for high current densities.
Diﬀusion limited exciton quenching
During diﬀusion through the device, excitons can be trapped by non-radiative defect
states which are always present in organic thin ﬁlms or develop under OLED opera-
tion due to chemical dissocation of the host matrix molecules [42,62]. Furthermore,
in the vicinity of metal electrodes strong quenching eﬀects have been observed. It is
important to conﬁne the excitons into the EML by implementing exciton blocking
layers and to use stable host materials with few non-radiative defect states.
2.2.3 Degradation phenomena
For modern applications OLED devices should provide an adequate device stability
and half-lifes of about 10000h at a luminance of 100 cd
m2
. Commonly, degradation in
an OLED device results in a decrease in luminance over time and is divided into
three diﬀerent modes, which are shortly presented here [65, 66]:
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Dark spots
Dark spot degradation refers to the decrease in luminance of an OLED as a result
of the formation of nonemissive defects within the emissive area of the device. It
is an ambient-air-induced phenomenon and is mostly caused by the evolution of
structural defects in the OLED layers, where local oxidation or delamination of the
metal cathode play a major role. The density of such structural defects can be
reduced by a proper pretreatment and cleaning of the ITO subtrates. Furthermore,
the growth of existing dark-spots can eﬀectively be minimized by encapsulation of
the active area in inert conditions [47,67].
Catastrophic failure
This degradation phenomen refers to a sudden decrease or complete loss of luminance
of a device caused by electrical shortcuts and the resulting large leakage currents.
These so called hot spots result from morphological defects in the diﬀerent layers
which can lead to the decomposition of the organic layers during device operation.
Materials with good ﬁlm-forming- and layer properties as well as a good control over
the fabrication process can reduce their occurence [48,65,68].
Intrinsic degradation
The intrinsic degradation refers to the decrease in luminance of an OLED during
device operation, which can be directly attributed to an intrinsic decrease of the
electroluminescence quantum eﬃciency of a device. As the name already suggests,
it depends on the intrinsic properties of the used materials used and the employed
OLED architecture. There are a number of models trying to identify the reasons for
this type of degradation, but it is still not completely understood [47, 48, 6971]. In
multilayer PHOLEDs, the interplay between the host and the dye in the EML as well
as between the host molecules and that of adjacent layers both have an inﬂluence
on the strength of the degradation. In general it can be said that a good charge
balance and a broad distribution and conﬁnement of the excitons inside the EML
can eﬃcientely reduce intrinsic degradation. Thus, mixed host devices often show
superior lifetimes compared to ones with a single-host as will be explained in the
next section.
For many display applications, low luminance levels of about 100 − 1000 cd
m2
are
most common and lifetimes of more than 100.000 hours are possible with certain
OLED structures [72]. However, it is not practical to measure devices over such a
long time so that the lifetimes are normally determined at higher brightness and
then extrapolated to lower luminance levels. Fery et al. recently justiﬁed the use of
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the so called stretched exponential decay (SED) [73] as a ﬁt function to describe the
lifetime of OLEDs and furthermore concluded that the annihilation of the emissive
centers is the main contribution to the degradation of OLEDs [71]. The normalized











with τ1/2 = ln(2)
1
β · τ (2.22)
The SED incorporates an additional parameter β to be able to describe both, the
rapid initial decay and the long-term degradation typically seen for OLED devices.
Furthermore, for the same OLED structure β has been shown to stay constant for
diﬀerent initial luminances L0, i.e. diﬀerent current densities [71, 74].
By determining the lifetimes at diﬀerent current densities with equation 2.22, an
empirical lifetime acceleration function can be used to extrapolate the lifetimes to





L0 is the initial luminance and n is the lifetime acceleration constant, which incorpo-
rates the fact that the enhanced lifetime reduction at higher luminance levels - which
depends on the OLED structure and materials used - exhibits a nonlinear behaviour.
2.2.4 Mixed host structures
A conventional PHOLED-structure consists of a minimum of three organic layers,
namely the HTL, the EML (consisting of a host matrix and a dopant) and the
ETL. The electroluminescence takes place in the doped EML, where the host matrix
is responsible for the charge transport and the dopant for the emission of light.
In general, the host matrix of the EML has to fulﬁll a number of requirements
with respect to the dopant to allow for eﬃcient long-living devices, some of which
are [49, 59]:
• The emission spectrum of the host matrix needs to overlap with the absorption
spectrum of the dopant signiﬁcantly to ensure eﬃcient Förster transfer from
the singlet states of the host to the dopant.
• A broad recombination zone is beneﬁcial for the luminous eﬃcacy and oper-
ating lifetime of OLEDs. In general, it requires a host matrix that is able to
24 2. Theoretical principles







Figure 2.11: Schematic diagram of the hole-, electron and emissive layer of a device
with (a) a conventional heterostructure, (b) a uniformly mixed host structure and
(c) a graded mixed host structure. The green circles denote the phosphorescent dye.
The concentration ratio between the HTL- and ETL molecules is illustrated by the
mixing of the colors.
transport both, electrons and holes (bipolar charge transport) so that charge
accumulations at one of the interfaces are eﬀectively suppressed.
• The lowest triplet state of the host should lie energetically above that of the
dopant so that all triplets can eﬀectively be harvested by the dopant. Fur-
thermore, the triplet energies of adjoining layers should lie reasonabely high so
that exctions are conﬁned inside the EML.
There are diﬀerent approaches for structuring the EML-layer in a PHOLED, includ-
ing a heterostructure (HS), a uniformly mixed host structure (UMH) and a graded
mixed host structure (GMH). An OLED with a heterostructure is illustrated in ﬁg-
ure 2.11 and the single-EML (S-EML) is deﬁned by doping the ETL material in
the vicinity of the HTL/ETL interface (S-EML) with a phosphorescent dye (green
circles). A uniformly mixed host structure is illustrated in ﬁgure 2.11 (b) and can
be achieved by uniformly mixing of the HTL and ETL material in the doped region
(M-EML). A third possibilty is to deﬁne a gradual transition so that the mixing ratio
between HTL and ETL material is changing continuously from one side to the other
in the doped region (G-EML) as illustrated in ﬁgure 2.11 (c). These approaches are
described in the following:
Heterostructure
In a conventional HS, the energy gaps between the the mostly hole transporting
HTL and the mostly electron transporting S-EML materials lead to a charge build-
up and a high exciton density at the abrupt HTL/EML interface. The recombi-
nation zone is expected to be conﬁned to a narrow region at the interface, which
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can adversely aﬀect the device lifetime. This is because only a few molecules are
responsible for generating excited states so that recombination-related degradation
processes are accelarated [71]. Furthermore, the high exciton density leads to en-
hanced triplet-triplet-annihilation quenching processes [63]. Additionally, the ﬁeld
dependent mobilites of the HTL and ETL materials can lead to a loss of charge bal-
ance with increasing current density, which results in the presence of excess charges
at the interface. This increases the voltage drop across the interface so that higher
driving voltages are needed. At very high electric ﬁelds some charge carriers may
even overcome the energy barrier at the interface and be leaking out of the EML.
In general also an ambipolar material for the S-EML can be used to reach a
good charge balance and broaden the recombination zone. However, it is diﬃcult to
ﬁnd single host bipolar materials with high triplets energy especially for deep blue
PHOLEDs. Furthermore, a high triplet energy is normally accompanied by a large
HOMO-LUMO gap. In that case, adjacent HTL and ETL materials with suitable
HOMO- and LUMO levels have to be chosen to achieve eﬃcient charge injection into
the EML, which makes the device structure more complex [59,76].
Mixed host structures
In a mixed host, both of the materials have to feature a higher triplet energy with
respect to the dopant. However, the HTL is solely responsible for good hole injection
and transport and the ETL likewise for electrons. This is possible because the weak
van-der-Waals coupling between the organic materials leaves the molecular orbitals,
i.e. the charge transport characteristics, unaltered [77]. A high HOMO-LUMO-
gap of the single materials thus does not pose a problem, because only the HOMO
respectively LUMO level have to be chosen for good charge injection into the EML.
In a uniformly mixed host structure (UMH), despite the concentration step of the
HTL respectively ETL molecules at the interfaces of the EML, there are continuous
pathways for electrons and holes into the EML. In the optimal case, the mixing of
the mostly electron transporting and mostly hole transporting material results in a
bipolar current so that the recombination zone is broadened and charge accumula-
tions at the interfaces are suppressed. Yet, there is an energy barrier for electrons
at the HTL/EML interface respectively for holes at the EML/ETL interface so that
the charge carriers are eﬃciently conﬁned inside the EML. However, the mixing ratio
of the materials has to be ﬁne-tuned to reach a good charge balance. Furthermore,
the ﬁeld dependant mobilities of both materials can result in a loss of charge bal-
ance with increasing current density [78]. In the last decade, OLEDs incorporating
a uniformly mixed host structure with improved eﬃciency, low roll-oﬀ and improved
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lifetime have been reported [79,7994]. In addition, this approach for the EML can
also be applied to solution processed devices [9, 87, 95].
In devices with a graded mixed host structure (GMH) there are no energetic
barriers for the respective charge carriers at the interfaces of the G-EML so that holes
and electrons are eﬃciently injected into the EML. The graded structure results in
a gradual change of the mobility for either charge carrier so that at the EML/ETL
interface the mobility for holes and at the HTL/EML interface the mobility for
electrons is very low. This self-balancing nature of the eﬀective mobility shifts the
recombination zone away from the interfaces and charge accumulations are eﬃciently
suppressed [96]. Furtermore, the voltage drop in the EML is lowered and a reduced
driving voltage can be obtained. Using a G-EML structure, high eﬃciencies, low
roll-oﬀ and long lifetimes have been reported recently [48, 49, 97102]. The main
drawback of this OLED structure is the complex device fabrication.
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2.3 Fundamentals of impedance spectroscopy
In this section the basic principles needed for the understanding of the impedance
measurements performed in this thesis are presented.
2.3.1 Basic principles
Impedance is deﬁned as the opposition of the ﬂow of an alternating current (AC) in a
complex electrical circuit. In general, impedance spectroscopy is used to measure the
dielectric properties of a device as a function of frequency. The AC current induces
an external electrical ﬁeld which interacts with the electric dipole moments in the
device deﬁned by its permittivity. To ease analysis and to be able to understand the
intrinsic origins of the measured dielectric properties, equivalent circuits are intro-
duced. These consist of linear, passive elements - commonly resistor, capacitor and
inductor - and the equivilent circuit should inhibit most of the electrical character-
istics of a device. If a suitable equivalent circuit has been found, the properties of
the single elements can be associated with the structure of the device to determine
its properties [103].
In ﬁgure 2.12 the principle of an impedance measurement is depicted. An al-
ternating voltage (AC voltage) - which can in general be overlaid by a constant
DC voltage - applied to an electrical circuit made of passive elements results in an
alternating current with the same frequency:
V = V0 + V1sin(ωt)⇒ I = I0 + I1sin(ωt+ ∆φ) (2.24)
Here, V0 and I0 represent the DC contribution, V1 and I1 the AC amplitude and
∆φ the phase shift between voltage and resulting current. For small AC amplitudes,
which are commonly used for impedance spectroscopy (V1 ≈ 20 − 100mV), the
impedance of such a circuit can be calculated using the small-signal-model [103]:
Z = |Z|expiφ = V1
I1
[cos (∆φ) + i sin (∆φ)] (2.25)
= Re(Z) + iIm(Z) = B + iX (2.26)
Equation 2.25 and 2.26 represent the polar respectively cartesian form of the impedance.
In the cartesian form, the real part B describes the resistance of a device. The imag-
inary part X is the reactance and describes a devices opposition to an AC voltage
respectively current due to an electric ﬁeld (capacitive response) or magnetic ﬁeld
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Figure 2.12: Principle of an impedance measurement.
(inductive response). A complete impedance spectrum is measured by varying the
angular frequency ω over a bread region. In this thesis, thin organic semiconducting
layers sandwiched between two electrodes are analyzed by impedance spectroscopy
in the frequency range between 1mHz and 10MHz. The equivalent circuit can be












where 0 is the vacuum permittivity (0 ≈ 8.85 · 10−12 Fm) and r the relative permit-
tivity. The impedances of these two components are deﬁned as






Neglecting the inductance [15], the total impedance of an ideal single layer can be
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The corresponding spectrum is depicted in ﬁgure 2.13. At low frequencies most of
the current is carried by the resistor and the impedance is governed by ZSL(ω → 0) ≈
R. The negative imaginary part rises linear with ω (see equation 2.31) and the part
of the current carried by the capacitance increases. -Im(Z) reaches the maximum




frequencies most of the current is carried by the capacitance and the spectrum is
governed by ZSL(ω →∞) ≈ − iωC .
For devices with more than one layer, the individual layers are connected in series
so that their impedances can be summed. Furtermore, for a real device, there is
always a contact resistance R0 present in series with the ideal device. It accounts for
the resistance of the devices electrical leads and for their connection to the measuring
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(a) Impedance spectrum of a typical double
layer device. At low frequencies Re(ZDL)
yields the combined resistances.
(b) Cole-Cole plot representation of the
impedance. The structures which can be
attributed to the diﬀerent parts of the
equivalent circuit are shown.
Figure 2.14























A typical double layer impedance spectrum with R0 = R1100 =
R1
104
= 100Ω and C2 = C1
is presented in ﬁgure 2.14a. Corresponding to the diﬀerent layers, Re(ZDL) shows
two plateaus and -Im(ZDL) two overlapping peaks. In ﬁgure 2.14b the Cole-Cole
impedance plot for the same parameters is depicted and the shapes corresponding
to the diﬀerent layers are pointed out. In addition to these representations, the
capacitance C and conductance G = 1
R
of a device can be calculated using the fact
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Figure 2.15: Typical behaviour of the Conductance (left) and Capacity (right) in a
double layer device. The values for the limits of very high and very low frequencies
are speciﬁed.





Equations 2.35 and 2.36 together with equations 2.27 and 2.28 result in the frequency











For a double layer device, the frequency dependant total capacitance und conduc-
tance can be calculated by inserting the real and imaginary parts of equation 2.33
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GDL =













For analyzing the behaviour of C and G at very low and very high frequencies these
equations can be evaluated at the limits of ω → 0 and ω →∞:











CDL (ω →∞) = C1C2
C1 + C2








At low frequencies, both capacitors are blocking and do not contribute to the conduc-
tance. The equivalent circuit can be approximated by two resistors in series so that
the conductance GDL(ω → 0) approaches the inverse of the sum of their resistances.
Thus, the capacitance at low frequencies is determined by the resistors. As can be
seen in equation 2.41, for R1 >> R2 the capacitance approaches CDL(ω → 0) = C1
For high frequencies, the resistors are short circuited by the capacitors and CDL
approaches the capacitance of two capacitors in series. Thats why GDL/ω → ∞)
depends on the capacitors. In ﬁgure 2.15 the conductance and capacitance which
correspond to the impedance spectrum in ﬁgure 2.14a are depicted.
2.3.2 AC conductivity of organic materials
In 1992 Joscher demonstrated that the AC response of disordered materials, e.g.
glasses, ionic conductors and organic semiconductors, in a wide frequency range can
be described by the so-called universal dielectric response (UDR) [104]. It is divided
in a constant DC contribution and a frequency dependant AC contribution with a
power-law behaviour:
σ(ω) = σDC + σAC · ωs with 0 < s < 1 (2.43)
The power-law behaviour origins in fact that the charge transport in disordered
materials is dominated by hopping (or tunneling) processes between a distribution
of localized states [105, 106]. For organic semiconductors at room temperature, a
value of s between 0.6 and 1 can be expected [107,108]. Using the Kramers-Kronig-
relationship and the fact that the imaginary part of the dielectric function is linked
to the conductivity (′′ ∝ σ(ω)
ω
), the frequency dependence of the dielectric constant
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Figure 2.16: Typical frequency dependent UDR behaviour of the conductivity (left)
and dielectric constant r (right) in an organic semiconductor.
can be calculated [109,110]:








∞ is the dielectric constant for ω → ∞. In ﬁgure 2.16 the behaviour of the con-
ductivity and dielectric constant for reasonable values of ∞ = 3, σDC = 1 · 10−7 1Ωm ,
σAC = 1 · 10−13 1Ωm and s = 0.9 is depicted.
2.3.3 External inﬂuences
Generally, when charge carriers are present in a device, at any interface an electrical
double layer exists. Especially for electrochemical systems at the interface of an
electrode and an electrolyte a double layer capacitance is present, which exhibits a
distribution of reactivites and does not behave like an ideal capacitor [111,112]. But
also for other non-ideal-systems, deviations from the expected impedance spectra
can often be found. Mostly the origin of these deviations are explained by physical
properties in the system which are either not homogeneous or show a dispersion. It is
common to model such eﬀects on impedance measurements with a so called constant-
phase-element (CPE) Q [112116]. A CPE's impedance is deﬁned by: ZCPE = 1Q(iω)α
with 0 < α < 1. The name originates from the fact that the phase angle of Q
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is independent of frequency and has a constant value of -(90·α) degrees. In most
models, the constant phase element has a resistor R in parallel to account for mobile
charge carriers. In this case, De Levie et al. suggested an additional parameter β
to account for CPE-like eﬀects for electrodes with rough interfaces [117]. The most




with 0 < α, β < 1 (2.45)
For α = β = 1 ZR||Q resembles an ideal RC-circuit and for α = β = 0 an ideal
resistor. The two parameters are used to account for non ideal behaviour found in
impedance spectra. In this thesis, equation 2.45 was used to model the inﬂuence of
the contacting layers.
Another external inﬂuence could be an inductance induced by the electrical leads
of device. It can be estimated by using a formula valid for rectangular conductors












The width w of the electrodes of the devices prepared in this thesis equals 4mm
and the length l equals 15mm and 8mm for the cathode and anode respectively. At
frequencies of 1MHz and 10MHz this estimation yields inductances of ZL(1 MHz) =
iω · L ≈ i0.64 Ω and ZL(10 MHz) ≈ i6.7Ω so that the inductance could slightly
inﬂuence the results for frequencies above 1MHz. Such an eﬀect can be modelled by
introducing an inductance ZL = iωL in series to the equivalent circuit of a device.
A last possibility for distortions of the impedance measurements could be space
charges which arise from the diﬀerence in work function (the built-in voltage Vbi) of
the electrode materials. An illustration of the energy level alignment for an organic
double layer sandwiched between two electrodes at diﬀerent voltages is shown in
ﬁgure 2.17. Here it is assumed that there are no immobile charge carriers present
in the device, which for example exist at the interface of Alq3 and NPB as reported
in [119]. For the materials used in this thesis there were no hints for the presensce
of such immobile charge carriers. When applying a negative bias voltage no charge
carriers are injected into the device and the internal electric ﬁeld is negative caused
by the work function diﬀerence of the electrode materials. Therefore an equal amount
of charges will be stored at the electrodes (b). The same is true for V=0 (and also
small forward bias), only that the number of stored charges is decreasing (c). When V

























Figure 2.17: Schematic drawing of the energy alignments in an organic double layer
device: (a) Position of the energy levels of the materials when they are not in contact.
(b)-(d) Internal electric ﬁelds and charge distribution at the electrodes: (b) under
reverse bias, the internal electric ﬁeld is negative and no charges are injected into
the device (c) under reverse bias V=0, equilibrium situation with I = 0 (d) V equals
the built-in voltage Vbi (ﬂat-band voltage). Adapted from [119].
equals the built-in voltage (ﬂat-band voltage), the space charges vanish and for even
higher voltages the internal electric ﬁeld becomes positive and charges are injected
into the device. For the measurements I chose a bias voltage of 0V and an AC signal
of 50mVrms. This should ensure that no charges are injected into the device, the
drift current is minimal and the amount of space charges is not too high.
2.3.4 Intermixed layers
For two organic materials, which exhibit an intermixed zone at their interface, the
equivilent circuit can be divided into three layers. Layers 1 and 2 with thickness d1
and d2 consist of of pure material 1 and 2. Between them is an intermixed layer 12
with thickness h. The simplest approach to estimate the distribution of materials 1
and 2 in the intermixed zone is by assuming a diﬀusion equation. The concentration
curve in such layers after time t at a concentration step from C0=1 to C=0 at position
















exp(−u2)du can only be solved numerically. As described in






















Figure 2.18: Illustration of the pro-
posed equivalent circuit and the gradual
change of the volume fraction of an in-
termixed double layer device. Adapted
from [15].
Figure 2.19: Comparison of the concen-
tration proﬁles of a transition described
by equation 2.49 with a = 0.22 and
the more correct version where the tanh
was replaced with the error function and




the previous section, the equivalent circuit of pure layers are simple RC elements.
In the intermixed layer of the two materials, the fraction of each material changes
gradually with position and the material parameters can also be expected to change.
A simple approach for modelling the impedance of such a layer is to calculate the in-










χ(x) is used to describe the transition of the material parameters. In [122] and [15]
a tanh-function was used instead of the error function to avoid the only numerically

















middle of the transition zone. The parameter a can be used to deﬁne the transition
width h. Using the tanh-function, the dependence of the material parameters σ and
2.3. Fundamentals of impedance spectroscopy 37
r on position can be deﬁned as:
σ(χ(x), ω) = χ(x)σ1(ω) + (1− χ(x))σ2(ω) (2.50)
and
r(χ(x), ω) = χ(x)r,1(ω) + (1− χ(x))r,2(ω) (2.51)
The impedance of a device consisting of two materials with an intermixed region can
be modeled as:


















This approach is illustrated in ﬁgure 2.19. However, dividing an intermixed double
layer into three sublayer is suboptimal and also makes convergence harder to archieve.
In [15] the tanh-function was used to model the impedance of the complete layer.
That this can be done is illustrated in ﬁgure 2.19, where a comparison between a
transition described by equation 2.49 with a = 0.22 and the more correct version
with the error function with a = 0.26 for a deﬁned transition width h = d
2
= 2d1 is
shown. As can be seen, the tanh and the error function exhibit very similar curves
by adjusting the parameter a. Furthermore, the value of χ(x) outside of the deﬁned
intermixed zone equals nearly 1 and can be used to describe the material parameters
of the pure layers. The improved ﬁt function by using the tanh-function for the
whole layer can be written as:








In the intermixed layer, it can be expected that the local conductivity will change
with position. This can be understood by looking at the DC part of the conductivity:
σDC = e(neµe + nhµh) (2.54)
It depends on both the charge carrier densities and the mobilities of holes respectively
electrons. As the mobility also depends on the charge carrier density [26, 27], it can
be expected that both parameters will change in an intermixed layer. In general, this
can result in a change of σ in the intermixed diﬀering from the transition described
by 2.50 [123, 124]. To be able to account for these eﬀects, an additional ﬁt function
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is introduced at this point. It is deﬁned by adjusting equation 6.6 to:












σ′(χ(x), ω) = χ(x)σ′1(ω) + (1− χ(x))σ′2(ω) (2.56)
Here, the conductivities σ′1 and σ
′
2 in the intermixed regions were uncoupled from
these for the pure layers and left as free parameter in the ﬁt. In this way, the tanh-
function could still be used to describe the transition of the dielectric constant, but
it was possible to account for a diﬀerent behaviour of the conductivity.
3. Experimental setup
3.1 The evaporation system "Ausbildungsanlage"
Figure 3.1: Picture of the "Ausbildungsanlage" used for fabrication of the samples.
In ﬁgure 3.1 a picture of the "Ausbildungsanlage", the system used for the fabrication
of all devices in this thesis, is shown. It consists of three vacuum chambers: One
for the evaporation of organic small molecules, one for the evaporation of metals
respectively inorganic compounds and one for transferring the samples in between
the glovebox and the evaporation chambers. In ﬁgure 3.2 a schematic representation
of the whole system and a picture of the glove box is shown. A vacuum of about
1·10−7−1·10−8 mbar is provided by two turbo molecular pumps which are connected
to the metal- and organic chambers. A transfer bar is used to transport the substrate
holder in between the chambers and the chambers can be isolated from each other
by two gate valves.
3.1.1 Glovebox
A glovebox is a container which is hermetically sealed from the environment and
contains (in this case) inert nitrogen. The pressure is kept a bit higher than on the
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Figure 3.2: Left: Schematic drawing of the evaporation system and the connected
glovebox. Right: Picture of the glovebox.
outside to avoid air penetrating the box in case of a leak. A molecular sieve and an
active cole ﬁlter are cleaning the gas ﬂow constantly providing puritiy grades of about
1ppm for O2 and H2O. The glovebox is directly connected to the vacuum system so
that it was possible to encapsulate the samples within a high purity ambiance. This
avoids chemical degradation of the materials.
3.1.2 Physical Vapor depostion
Physical vapor deposition is based on the evaporation of a heated source material
and its condensation on a substrate. The high vaccuum provides a long mean free
path for the evaporated particles which can travel to the substrate without colliding
with too many gas particles. The better the vacuum, the more uniform the deposited
ﬁlm on the substrate will be. Anorganic materials are ﬁlled into a crucible, boat or
ﬁlament which are heated resistively by applying a high electrical current (≈ 100-200
A) at low voltages. Organic materials are ﬁlled in eﬀusion cells made of glass and
heated indirectly by a tantalum wire. The temperature in the vicinity of the cells is
measured with a thermoelement. While metallic and inorganic compounds evaporate
at high temperatures of about 1500 ◦C, for organic materials temperatures of about
100-500 ◦C are needed.
3.1.3 Evaporation chambers
In the organic chambers up to four materials can be evaporated at the same time
(sources 1-4). The deposition rates are monitored instantaneously by four quartz
micro balances (S1-S4). One is placed inside the metal chamber and three inside
the organic chamber. This set-up is schematically shown in ﬁgure 3.3. To account
for that the position of the quartz crystals are not placed at the maximum of the
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gas stream, a proportionality factor (tooling factor) has to be determined for every
material which connects the displayed layer thickness on the quartz crystals to the
real layer thickness on the substrate. The substrate holder had room for a simulta-
neous deposition on up to nine substrates. For evaporation the substrate holder is
placed in the sample holder which rotates during the deposition process to achieve
a homogeneous ﬁlm thickness distribution for all substrates. A shutter below the
sample holder is used to deﬁne diﬀerent layers and to adjust the evaporation rates.
The evaporation rates were controlled via a provided software by changing the
power (voltage), which is applied to the heating units. It allowed the heating of
more than one source so that co-evaporation of up to four organic materials was
possible. Sadly, the system only oﬀered a manual control of the power sources (by
typesetting) rather than a PID-controlled rate adjustment. This complicated the






























Figure 3.3: Schematic drawing of the metal- and organic chambers during an evap-
oration process.
3.1.4 Quartz crystal microbalances
A quarz crystal microbalance is a suitable tool to instantaneously measure the depos-
tion rate of thin ﬁlms in a vacuum and uses the fact that quartz crystals exhibits the
piezoelectric eﬀect: Mechanical stress induces an electric ﬁeld in them. By applying
an AC voltage to the crystals an oscillation is induced and the resonance frequency
fres can be found with high accuracy with a PID-control-loop which maximizes the
power consumption of the crystal. When the mass of the quartz crystal is increased
- e.g. by material evaporated onto it - the resonance frequency is lowered. The
frequency change can be directly correlated to the mass change of the crystal and
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the evaporation rate can be determined.
The precision of the microbalances is mainly limited by the amount of material
already deposited on them. In general, they are very accurate down to about 85%
of the initial resonance frequency. Another error is introduced by the distribution of
the emission angle of the vapor. As it changes with the ﬁlling level of the materials
in the crucibles, the tooling factor has to be reviewed after some time. Furthermore
the tooling factors are determined by measuring the thickness of single layers of the
respective material with a proﬁlometer which itself has an error of about 5-10%.
Another systematic error could be imposed by evaporating more than one material
at a time. The density of a layer consisting of co-evaporated materials is possibly
diﬀererent from the averaged densities of all materials, which will slightly alter the
real layer thickness. To reduce the uncertainty, the readings were double checked after
evaporation of devices consisting of multiple materials by measuring the thickness




The layer thicknesses of the deposited ﬁlms are measured with a Veeco Dektak 150
proﬁlometer. A proﬁlometer scans the surface of the sample with a diamond stylus
with a diameter of 12,5 µm and records changes of the vertical position of the stylus.
The result of the scan shows changes in height in absolute values. Owing to the use
of shadow masks, the edges of the evaporated materials were quite clear, so I directly
measured the height diﬀerence from the ITO to the organic or metallic layer. The
layer thicknesses were measured for tooling the quartz crystals and also for double
checking the sum of the displayed thicknesses after the evaporation of multiple layers.
3.2.2 BOTEST
The electrical and optical characterization and the lifetime measurements of the
OLEDss were performed using a LIV BOTEST system. It is a computer controlled
system which comes with a dedicated software, a source measure unit (SMU) and
photodiode allowing for the simultaneous measurement of the current and luminance.
The substrate holder and photodiode cover are shown in ﬁgure 3.4. Metallic pins are
used to apply the voltage to the devices via the calibrated SMU. The cover shields
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the devices from ambient light and the light signal of the device is transformed into
an electrical signal by the photodiode (calibrated for diﬀerent spectral regions) and
subsequently the luminance is recorded in the software. The lifetime measurements
were performed using a BOTEST system speciﬁcally designed for long time function-
ality testing of OLEDss. It came with a cover that shielded the diﬀerent substrate
pixels from each other and provided temperature control from 40 ◦C to 90 ◦C (not
used in this thesis).
Figure 3.4: The substrate holder and photodiode cover of the LIV BOTEST system
used for characterizing the OLEDs [125].
3.2.3 Impedance measurement devices
For the impedance measurements, an Agilent 4294A and a Metrohm Autolab PG-
STAT302N impedance analyzer were used. The Autolab device covers a frequency
range from 10µHz to 1MHz. It was used for the measurements in the low frequency
region, where a calibration is not necessary. To avoid possible hystersis eﬀects of
the conductivity, the minimum frequency used was about 1mHz. Furthermore, the
measurements below that frequency became too long.
The Agilent device covers a frequency range from 40Hz to 110MHz, but due to
phase shifts induced by the cables, the maximum frequency was limited to 20MHz.
All cables were shielded to reduce external inﬂuences. At high frequencies the ca-
pacitance and inductance of the cables becomes relevant, so that the Agilent device
had to be user calibrated. The calibration is done by correlating the measured values
of the voltage VM and current IM to the actual values VD and ID in a device by a

























with the devices impedance ZD =
VD
ID
. Now, ﬁrstly a measurement without any




















ZOZS − ZKDZO m11 (3.6)
With this, the correlation between a measured and real impedance can be calculated:
ZD =
(ZS − ZM) (ZKD − ZO)
(ZM − ZO) (ZS − ZKD)ZK (3.7)
For calibration, a 1kΩ resistor for ZK was used. Its precise resistance was determined
with the Autolab device directly before every calibration. The reason to do this was
to guarantee that both the measurements of both devices were comparable.
An examination of the limits of both devices and an estimation of the statistical
error was already carried out in [126] and is not speciﬁed here again. The Autolab
yields reliable results up to a frequency of about 1kHz, where the inductance of the
device distorts the measurements. The Agilent produces good results for frequencies
between 100Hz and 6MHz, which is nearly its whole frequency range. I decided to
use both devices for the same frequency ranges as in [126]: the Agilent for frequencies
above 200Hz and the Autolab for frequencies below 500Hz. The overlap was used
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to identiﬁy variations between both measurements, e.g. caused by bad contacts. If
the measurements showed a strong deviation in this region, they were repeated or
left out of the analysis, but this occured only for few devices.
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4. Materials and sample preparation
In section 4.1 the semiconducting properties of the materials used for the OLEDs
are described in detail. In section 4.2 the steps of preparation of the OLEDs are
described and in section 4.3 the structures of the diﬀerent OLED-stacks, which are
analyzed in chapter 5, are introduced.
4.1 Material set
In this section an overview of the materials used in this thesis is given. The ac-
tive organic materials are small molecules based on aromatic hydrocarbons. Their
structural formulas, triplet energies and molecular weights are shown in ﬁgure 4.1
(a).
ITO-substrates
The ITO-substrates came on glass substrates with an area of 20 cm2 × 20 cm2 and
a sheet resistance of 10 Ω/square. They were structured at the InnovationLab using
a self developed lithographie-process and afterwards cutted into substrates with an
area of 25mm2 × 25mm2. The structured ITO substrates are shown in ﬁgure 4.2 (a).
Molybdenum trioxide (MoO3)
Molybdenum trioxide was used as a hole injection layer (HIL). It is a strongly n-type
material and exhibits a very high work function of Φ ≈6.7 eV. For a long time it was
controversely discussed why it works as an eﬃcient hole-injection layer for organic
materials. Kröger et al. showed that electrons from the HOMO of the organic
material are injected into the conduction band of MoO3 [127]. This corresponds to
an injection of holes into the organic material and is illustrated in ﬁgure 4.1 (b).
The conductivity of MoO3 is 2-3 orders of magnitude higher than that of organic
materials.
4,4,4-Tris(N-carbazolyl)triphenylamine (TCTA)
TCTA is based on a triphenylamin-centrum. It shows good electrical conductivity
and electroluminescence and is mostly used as an HTL. It exhibits an relatively
large energy gap between the HOMO at 5.5 eV-5.8 eV and the LUMO at 2 eV-2.4 eV
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Figure 4.1: (a) Structural formulas, molecular weights and corresponding triplet en-
ergies of the organic materials. (b) Hole injection mechanism at the anode: Electrons
are transferred from the HOMO of TCTA into the conduction band of MoO3 [127].
Adapted from [136].
[8, 128130]. The hole conductivity of TCTA is about 10−4 − 10−5 cm2
Vs
, whereas
the electron conductivity cannot be measured by time-of-ﬂight methods [131, 132].
Because of its low LUMO and low electron mobility TCTA is also often used as an
electron blocking layer.
1,3,5-Tris(phenyl-2-benzimidazole)benzene (TPBI)
TPBI shows a large energy gap with the HOMO at about 6.3 eV and the LUMO at
about 2.7 eV. It is used as electron transport layer (ETL) and exciton blocking layer.





Ir(ppy)3 is a phosphorescent emitter complex with a relatively short triplet lifetime
of about 2 µs and a quantum eﬃency yield of nearly 100 % [134]. The central heavy
Ir-atom leads to a high probability for ISC as described in chapter 2.2 caused by
spin-orbital-interaction. The maximum of the emission spectrum lies at 513nm in
the green spectral region, corresponding to a triplet energy of about 2.52 eV, which
is lower than that of TPBI and TCTA. The LUMO level is at about 5.5 eV whereas
the reported values for the LUMO-level range from 2.2 eV-3 eV [8, 134]. To avoid
agglomeration of Iridium and resulting quenching eﬀects, the doping concentrations
should be below 10 % [135]. At the same time for eﬃcient short-range Dexter transfer
it should not be too low. Concentrations of about 6 %-8 % have shown to yield very
eﬃcient devices so that a doping concentration of 7 % was chosen for all devices
prepared in this thesis.
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(a) (b) (c) (d)
Figure 4.2: Illustration of the substrates during device fabrication: (a) Glass sub-
strate (25mm x 25mm area, 0.7mm thick) with pre-structured 150nm thick ITO
layer. (b) Device after the deposition of the hole-injection and organic layers. (c)
Device after the deposition of the cathode. The active area of each of the four pixels
is 6mm x 4mm. (d) Encapsulated device.
4.2 Preparation
In ﬁgure 4.2 the diﬀerent steps of device fabrication are illustrated.The pre-structured
ITO substrates were cleaned in acetone and isoproanol for 10min in an ultrasonic
bath and subsequently dried with highly puriﬁed nitrogen. After that they were
treated with UV ozone for 10min. The ozone treatment reduces the roughness of
the ITO and increases the surface energy resulting in an increased work function.
The reason for this is still controversially discussed and may be due to surface carbon
removal, creation of surface dipoles or a change in the ratio of surface molecules [137].
In general it leads to a better electronic contact between the ITO and organic layers
and improves charge injection and thus eﬃciency.
Directly after the ozone treatment the substrates were introduced into the glove-
box. For deposition of MoO3 and the organic layers a shadow mask was used which
allowed covering of the two central ITO stripes at four positions. After the deposi-
tion of the organic layers, the shadow mask was changed inside the glovebox and the
cathode was deposited yielding four pixels with an active area of 24mm2. Finally,
the devices were transferred to the glovebox and immediately encapsulated with an
adhesive foil from the supplier 3M to minimize device degradation. All devices were
stored in the glovebox for a maximum of two days before the measurements were
carried out.
4.3 OLED-stacks
The structures of the OLED stack which are compared in this thesis are summarized
in table 4.1. One aim of this thesis is to examine the inﬂuence of the composition




















Figure 4.3: Top: The general structure of the stack used for the diﬀerent OLEDs and
the proposed energy level diagram of the organic materials. Bottom: The diﬀerent







(b) Uniformly mixed host
structure
TCTA TPBI
:Ir(ppy)3 (7%) x nm
(c) Graded mixed host
structure with varying
thicknesses: x=30, 45, 70.
of the light emitting layer (EML) on the performance and characteristics of OLEDs.
For that purpose, apart from the EML, all OLED-layers were kept the same for
all devices. The OLED-stack is depicted in ﬁgure 4.3 and is composed of a 10nm
thick layer of MoO3 as HIL, a 50nm thick TCTA layer as HTL, a 30nm thick TPBI
layer as ETL. The anode and cathode layers are 150nm ITO and 10nm/100nm
Ca/Ag respectively. As a test device an OLED-stack developed at TU-Braunschweig
was used [138]. It consists of a conventional heterostructure (HS) (ﬁgure 4.4a) and
Table 4.1: Device structures for comparison of heterostructure and mixed host EML
devices. The numbers are thicknesses in nm. All stacks are sandwiched between ITO
(150nm) and Ag (100nm). The Ir(ppy)3 concentration is 7% for all devices.
Stack MoO3 (HIL) TCTA (HTL) Host+7% Ir(ppy)3 TPBI (ETL) Ca
HS 10 50 TPBI, 20 30 10
UMH 10 50 TPBI+TCTA (63:30), 30 30 10
GMH30 10 50 TCTA↔TPBI, 30 30 10
GMH45 10 50 TCTA↔TPBI, 45 30 10
GMH70 10 50 TCTA↔TPBI, 70 30 10
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(a) GMH30 (b) GMH45 (c) GMH70
Figure 4.5: Normalized evaporation rates over the position inside the light emitting
layer for the three diﬀerent OLEDs with a graded mixed host. As a guide for the
eye, the dotted line equals a doping concentration of 7%.
the phosphorescent dye Ir(ppy)3 is doped into 20nm of the ETL material TPBI.
This OLED structure shows a good charge balance caused by the outstanding hole
injection properties of MoO3 and current and power eﬃciencies of 44 cdA respectively
40 lm
W
with a relatively low roll-oﬀ behaviour were reported [127,138].
OLEDs with four diﬀerent mixed host structures are presented for comparison
with the HS stack: Firstly, one uniformly mixed host structure (UMH) with a mixing
ratio of 64:30:6 (TPBI:TCTA:Ir(ppy)3) was prepared (ﬁgure 4.4b). This mixing ratio
was reported to yield a good charge balance in similar devices incorporating these
molecules [8, 78].
Secondly, three OLEDs with graded mixed host structures in the EML and thick-
nesses of 30nm, 45nm and 70nm were prepared (ﬁgure 4.4c). The normalized evap-
oration rates of the three OLED structures are shown in ﬁgure 4.5 (a)-(c). The rates
of TCTA, TPBI and Ir(ppy)3 are shown in black, red and green color respectively. As
can be seen, the GMH30 stack shows an increased doping concentration in the mid-
dle of the EML, because it was diﬃcult to keep the total evaporation rate constant
throughout the whole layer. For the GMH45 stack there is only a slight increase of
the doping concentration and for the GMH70 stack it is nearly constant. Possible
inﬂuences on the device performance caused by this eﬀect are discussed in chapter
5.
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5. Characterization of the OLEDs
In this chapter the OLED stacks introduced in section 4.3 are characterized and
their performances compared to each other. A detailed discussion of the LIV-
characteristics, spectra, eﬃciency, and lifetime of the OLEDs is presented.
5.1 LIV characteristics and eﬃciency
LIV characteristics
In ﬁgure 5.1 the Luminance-Current-Voltage (LIV) characteristics of all OLEDs with
a conventinal heterostructure (HS) are shown. The I-V-behaviour can be divided
into three sub-regions with diﬀerent slopes and can be described by I ∝ V m+1: For
low voltages, V < 2.5V, an ohmic behaviour in the conductivity with m=0 can be
observed. At higher voltages, 2.5V< V <5.5V, the slope can be described with
m ≈ 8 − 11 (dashed-dotted-line). For even higher voltages, V >5.5V, the slope
changes to lower values with I ∝ V 5.2 (dotted line). The observed current follows
a behaviour typical for trap-charge-limited-currents (TCLC) described in section
2.1.2. With increasing voltage, the traps are ﬁlled and the slope decreases. Taking a
ﬁeld dependant mobility (compare equation 2.1) into account, the slope at very high
voltages can also be described by a space-charge-limited-current with I ∝ V 2ea
√
V
and a = 2.6.
The turn-on voltage of all devices equaled about 2.7V. It is worth noting that
this voltage is nearly equal to the minimum energy required for creating a triplet
exciton on the dopant (ET=2,54eV). The turn-on voltage can thus possibly not be
be decreased much further for this OLED-structure.
In this section, the LIV characteristics and the eﬃciency of the diﬀerent OLED
stacks are analyzed. As an introduction, in 5.1 the properties of the stack with
the conventional heterostructure (HS) are discussed. Subsequently, the averaged
data of all OLED stacks are compared to each other and reasons for the diﬀerent
characteristics are implicated.
In ﬁgure 5.2 the averaged current eﬃciency and power eﬃcacy of all 10 HS devices
is plotted over the luminance. The maximum current eﬃciency is reached at about
100 cd
m2
, below this brightness the values were more widely scattered. At 200 cd
m2
, the
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Figure 5.1: LIV characteristics of all devices with a conventional heterostructure.
averaged eﬃciencies of ηI = (33.9± 1.5) cdA respectively ηP = (27.2± 0.7) lmW . We
can compare the eﬃciencies with these reported for a similar stack [138], ηI = 43 cdA
and ηP = 34 lmW . The diﬀerences can possibly be explained by the fact that in
this publication WO3 and LiF/Al were used as hole- respectiveley electron injection
layers. These might have slightly better injection properties compared to MoO3 and
Ca/Ag. Yet, the general characteristics, especially in terms of eﬃciency roll-oﬀ at
higher luminance levels, are comparable.
Now, the performance of the OLEDs with a heterostructure (HS), an uniformly
mixed host structure (UMH) and a graded mixed host structure (GMH) in the EML
will be analyzed and compared to each other. The structures of the OLED-stacks
presented here are described in section 4.3. In ﬁgure 5.3 the averaged LIV charac-
teristics of all OLED-stacks are shown. The given data points are averaged values of
10-13 devices for each stack. For all stacks, the current behaviour exhibits three re-
gions: Ohmic conductivity for low voltages, TCLC behaviour for higher voltages and
a transition to SCLC at very high voltages. For all stacks it was possible to desribe
the slope for high voltages by either a TCLC dependance of the current density with
I ∝ V m (m ≈ 4-7, depending on the stack) or by a SCLC behaviour taking a ﬁeld
dependant mobility into account with I ∝ V 2ea
√
V and 1 < a < 3 (depending on
the stack). This analysis is just a rough estimation and does not take recombination
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Figure 5.2: Averaged current eﬃciency and power eﬃcacy oﬀ all devices with a
conventional heterostructure.
eﬀects into account. To ﬁnd out if TCLC or SCLC is the dominant charge transport
mechanism at high bias, measurements at diﬀerent temperatures and layer thick-
nesses would be required to check the IV-dependance on these parameters, which
was beyond the scope of this thesis.
The turn-on-voltage for all devices is around VT=2.7V and does not seem to
be inﬂuenced by the layer thickness and/or mixed structures in the emitting layer.
Thus, the injection properties for all stacks seem to be limited by the injecting and
transporting layers which are the same for all devices. Variations of the characteris-
tics at higher bias voltages can be exclusively attributed to the diﬀerent structures
in the EML and the layer thickness.
The eﬀect of increasing layer thickness expresses itself in the reduction of current
density and luminance (compare ﬁgure 5.3). For voltages slightly above the turn-on
voltage the inﬂuence of the layer thickness is low and the current density is similar
for all stacks. With increasing voltage, the slope of the current density is expected to
be lower for the stacks with a thicker organic layer. However, the GMH30 compared
to the HS as well as the GMH45 compared to the UMH exhibit nearly the same
slopes, although the layer thickness for the graded devices is about 10nm higher in
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Figure 5.3: Averaged LIV characteristics of all OLED-stacks.
both cases. It can be assumed that the graded structure of the GMH stacks leads
to a reduced voltage drop in the EML. This eﬀect can be attributed to the fact that
there are no accumulation of charge carriers at one of the interfaces in contrast to the
abrupt interface of the HS. The UMH seemingly does not show an improved current
density compared to the HS stack. That can possibly be attributed to the fact that
the mixing ratio of the matrix molecules is not optimized resulting in an unbalanced
charge transport inside the EML.
Eﬃciency and roll-oﬀ characteristics
In ﬁgure 5.4 the averaged current eﬃciency and power eﬃcacy as a function of
luminance of all stacks are depicted. As can be seen, the GMH70 outperforms all
other stacks. At 200 cd
m2





which are excellent values considering that it consists of only three organic layers.
Just like the GMH70, also the GMH45 and the UMH exhibit a slightly higher
current eﬃciency compared to the HS, whereas the GMH30 shows a similar maximum
current eﬃciency compared to the HS. For the GMH30 this could be attributed to
the fact that the graded layer is not thick enough to proﬁt from the eﬀects of a
broadened emission zone. Also the higher doping level in the middle of the EML as
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Figure 5.4: Averaged current eﬃciency (left) and luminous eﬃcacy (right) of all
stacks plotted over the luminance. The inset shows the power eﬃcacy at high lumi-
nance levels.
described in 4.3 could be a reason that it does not show an increased eﬃciency. All
stacks apart from the GMH45 reach their maximum current eﬃciency at luminances
of 100-500 cd
m2
, whereas the eﬃciency of the GMH45 slightly increases till even 3 kcd
m2
.
At this point, for the HS, UMH and GMH70 a decline in eﬃciency can already be
observed. This eﬀect could be attributed to a shift of the recombination zone to a
distance from the cathode which result in slightly better microcavity eﬀect.
Apart from the GMH70, the power eﬃcacy is very similar for all stacks. Due
to its increased driving voltage, at higher brightnesses the power eﬃcacy of the
GMH70 becomes comparable to the other stacks. Yet, at luminance levels above
10 kcd
m2
(see inset of 5.4) all of the GMH stacks exhibit the same eﬃcacy which is
slightly better than that of the UMH and HS stacks. One reason for the higher
eﬃciencies not related to an optimized structure of the EML, can be that the location
of the recombination zone is placed in a distance relative to the cathode resulting in
optimized microcavity eﬀects (as already proposed for the GMH45). For a similar
OLED stack, simulations found an optimized distance to an LiF/Al cathode of about
60nm. However, the simulation also accounts for a certain ITO and HTL thickness
and the reﬂectivity of Ca/Ag is slightly diﬀerent from that of LiF/Al. The distance
of the ETL/EML interface relative to the cathode in the HS of 50nm is possibly near
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Figure 5.5: Normalized current eﬃciency as a function of current density of all stacks.
the optimum. For the GMH70, the distance of the recombination zone relative to
the cathode can range from 30nm to 100nm. As already mentioned, TCTA exhibits
a slightly better hole conductivity than TPBI, leading to the assumption that the
recombination zone is closer to the EML/TPBI interface. But even if this eﬀect in
general can account for an increase in eﬃciency, it is not expected to be the main
factor for the the strong enhancement in eﬃciency observed for the GMH70.
It is clearly visible that in terms of current eﬃciency roll-oﬀ the GMH stacks
are outperforming the UMH and HS. To study this in more detail, in ﬁgure 5.5
the normalized current eﬃciencies as a function of current density of all stacks are
depicted. In a recent publication [3], the critical current density J90% was introduced
as the current density for which the eﬃciency drops to 90 % of its initial value. As
can be seen, J90% is lowest for the GMH70 and equals 14 mAcm2 . The HS and UMH
exhibit nearly the same roll-oﬀ characteristics with J90% = 25 mAcm2 . The GMH30
and the GMH45 show a similar roll-oﬀ with J90% = 77 mAcm2 . Simulations directly
attributed an increase of J90% to an increase of the width of the recombination
zone by approximately the same factor [3]. This leads to the assumption, that the
recombination zone width w in the GMH30 and GMH45 is about 3 times broader
compared to the HS and UMH. Assuming a narrow recombination zone w ≈ 10 nm
for the HS [64], this results in w ≈ 30 nm for the graded devices. The GMH70
shows a ﬂatter roll-oﬀ compared to the other stacks so that it even shows a smaller
5.1. LIV characteristics and eﬃciency 59
roll-oﬀ above 100 mA
cm2
compared to the HS and UMH. In literature, such a behaviour
was recently attributed to changes in charge balance with increasing current density
[98, 139], but simulations which took into account a change of the width of the
recombination zone with increasing current density, w(J), also can explain this eﬀect
[3].
A summary of the averaged and maximum power eﬃcacies and the corresponding




of all stacks are included
in table 5.3. In conclusion it has been shown that graded mixed host structures in the
light emitting layer can greatly enhance the eﬃciency of OLED devices. Furthermore,
the eﬃciency roll-oﬀ at high current densities is strongly reduced. Both can be
attributed to a better charge balance and a broadened recombination zone inside the
EML.
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5.2 Spectra and quantum eﬃciency
In ﬁgure 5.6 the normalized emission spectra of all stacks at a current density of 20 mA
cm2
are shown. For comparison, the emission spectrum of a TCTA/TPBI heterostructure
device without doping is also depicted. The doped stacks all exhibit typical green
Ir(ppy)3 emission with the peak at around 513nm and no ﬂuorescent emission from
TCTA or TPBI can be identiﬁed in the spectra. This is true also for higher current
densities and it can be concluded that all excitons are eﬃciently conﬁned to the EML
for all OLED-stacks and the exciton energy transfer from the host to the dopant is
complete. This can be attributed to the good electron-, hole- and exciton blocking
characteristics of TCTA and TPBI, which conﬁne the excitons eﬃciently inside the
EML. However, as can be seen in the inset, the shoulder of the spectrum at about
540nm is slightly diﬀering. In general in literature, diﬀerent reasons for variations of
the emission spectrum of OLEDs with a phosphorescent dye were reported:
• It was reported that the emission spectrum and photophysical properties of
heavy transition metal complexes can be inﬂuenced by the composition of its
host matrix [140]. The host matrix of the HS consists of 100 % TPBI, that of
the UMH has a ﬁxed TCTA:TPBI ratio (63:30), while the composition of the
host matrix is varying with position for the GMH stacks.
• Microcavity eﬀects, which are dependant on the position of the recombination
zone relative to the cathode inside the OLED-stack, can alter the spectrum as
reported in [141].
• Variations of the doping concentration of the diﬀerent stacks can lead to
changes in the spectrum: With increasing doping concentration, the emis-
sion peak of the Ir(ppy)3 spectrum becomes red shifted and the full width at
half maximum increases [53]. As three materials were evaporated at the same
time for the UMH and GMH stacks, the doping concentration possibly varies
slightly between the diﬀerent stacks. Also a position dependant variation of
the doping concentration in the EML, like it is present for the GMH30 and
GMH45 devices (see section 4.3), could have eﬀects on the spectrum.
The spectrum of the UMH diﬀers strongest compared to the other stacks. In con-
trast to the other stacks, TCTA molecules are present over the whole span of the
uniformly mixed EML and possibly explain the variations. Additionally, a slightly
higher doping concentration could be the reason for the deviation. The latter as-
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Figure 5.6: Normalized emission spectra oﬀ all stacks at 20 mA
cm2
. The inset is a zoom
into the region with high intensity.
sumption is supported by the fact that also the emission peak of the UMH device is
slightly red shifted and the spectrum is broader [53].
The emission spectra of the GMH stacks, which also include TCTA in the EML,
are similar to that of the HS. If we assume that the presence of TCTA in the host
matrix inﬂuences the spectrum, this leads to the presumption that the recombina-
tion zone is positioned at the vicinity of the EML/ETL interface, where the TPBI
concentration is higher. This also corresponds to the fact that the hole mobility of
TCTA is about one order of magnitude higher than the electron mobility of TPBI.
In this respect, it is interesting to look at the change of the emission spectrum
of the GMH stacks with current density. This is shown in ﬁgure 5.7, using a GMH70
device as an example. The shoulder of the spectrum slightly shifts with increasing
current density and the spectrum broadens. The reason for that is most probably a
shifting position of the recombination zone, which on the hand results in a change of
Table 5.1: The values of the paramater K calculated with equation 5.1
HS UMH GMH30 GMH45 GMH70
K [nm] 742.6 743.2 741.7 752 743.4
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microcavity eﬀects and on the other hand in a steady change of the concentration of
TCTA in the host matrix. This eﬀect was most pronounced for the GMH stacks. The
spectrum for the HS, for which the recombination zone is expected to be conﬁned to
a thin region at the EML/TCTA interface, stayed constant for all current densities.
The spectrum of the UMH shifted slightly with increasing current density, but not
so strong as that of the GMH stacks and this is probably also caused by minor shifts
of the recombination zone.
The changes in the spectra with increasing current density are a strong hint for
a shift of the recombination zone. This would also implifcate that the recombination
zone is not conﬁned to the vicinity of one of the interfaces and thus most probably
also broader than in the HS.
Assuming the OLEDs to be lambertian radiators, the external quantum eﬃciency
(EQE) can be estimated with equation 2.18 by measuring the LIV curves and the
emission spectra of the devices [60]. The integrals in equation 2.18 for determining




I (λ) · λdλ∫ 780 nm
380 nm
I (λ) · V (λ) dλ. (5.1)
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Figure 5.8: External quantum eﬃciency plotted over the current eﬃciency as calcu-





are highlighted with arrows.
The values of K at a current density of 20 mA
cm2
for all stacks are presented in table
5.1 and diﬀer only slightly. Additionally, the shift in the spectra of the UMH and
GMH stacks with increasing current density as illustrated in ﬁgure 5.7 resulted in
a change of K of only about 0.5 % and was ignored. Thus, the values of K can be
used to calculate the EQE at all current densities.
In ﬁgure 5.8 the estimated external quantum eﬃciencies of all stacks are plotted
over the current density. The arrows are highlighting the current densities corre-




. The GMH70 shows an out-
standing EQE of 15.5 % at 100 cd
m2
, while at a current density of 200 mA
cm2
the EQE
is still above 11 % and higher than the maximum EQE of any other stack. As we
have seen, the spectra of all stacks are only slightly varying with current density. In
that case, the current eﬃciency and the EQE are directly proportional to each other.
For that reason the roll-oﬀ behaviour of the EQE is equivalent to that of the current
eﬃciency and does not have to be analyzed again.
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As described in chapter 2.2, the out-coupling eﬃciency χout of a normal glass
substrate is about 0.2. Using
ηext = χout · ηint, (5.2)
one can estimate the intrinsic quantum eﬃciency. At 100 cd
m2
the GMH70 shows
an average intrinsic quantum eﬃciency of ηint ≈ 0.78. Considering that the stack
consists of only three diﬀerent layers with two transporting materials, this is an
excellent value. OLEDs incorporating Ir(ppy)3 with an internal quantum eﬃciency
of nearly 100 % have been reported [8,53,142], but they mostly consist of additional
charge transporting and/or exciton blocking layers. Furthermore, the graded device
could be even more optimized by ﬁne-tuning the layer thicknesses, especially that
of the EML. Additionally, an optimized doping concentration could further enhance
the eﬃciency.
5.3 Lifetime
The lifetime of OLEDs plays a crucial role for industrial purposes, especially for
display and lighting application. Much work has been attributed to understand the
mechanisms behind the observed device degradation and to build optimized OLED-
stacks with the aim to enhance their lifetime [6, 7072,128,143].
In this thesis, with the aim to compare the lifetimes of the diﬀerent stacks and
to be able to extrapolate the lifetimes to lower luminance levels, devices were aged




. The measured lifetime-curves were normal-












with τ1/2 = ln(2)
1
β · τ (5.3)
Afterwards, the ﬁtted lifetime values at the two diﬀerent current densities were used
to extrapolate the lifetimes to a practical luminance of 100 cd
m2
. The lifetime acceler-











(right) and corresponding ﬁts with equation 2.22















Now, the constant in equation 5.4 can be calculated and the lifetime can be extrap-
olated to arbitrary initial luminances. Not all measured devices of the OLED-stacks
were aged long enough to justify an analysis. At this point, only a comparison be-
tween the GMH and the HS is presented. Furthermore, the properties of the ﬁt
function are tested to ﬁnd out if it can be used for the analyzed OLEDs.
In ﬁgure 5.9 the normalized luminance over time (lifetime curves) of GMH70




and two ﬁts with equation
2.22 are shown. One of the ﬁts (red line) took into account all of the measured
data points, whereas the other one (blue line) only took into account points until
100min (vertical blue dotted line). This particular illustration was chosen to point
out that the decay at longer times can be overestimated by the ﬁt, i.e. the lifetimes
are underestimated, for the case that the decay was only measured till about 70
% of its initial luminance. Although the initial decay is described better, the long
term decay is overestimated and also the value of β at the diﬀerent current densities
diﬀers somewhat. For the case that data points are available till the luminance
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Figure 5.10: Lifetime curves of two HS devices at a constant driving current of 5 mA
cm2
(left) respectively 20 mA
cm2
(right) and corresponding ﬁts with equation 2.22 (described
in the text). The initial luminance is shown in the graph.
degraded to about half its inital value, the ﬁt seems to overestimate the decay for
short times slightly, but predicts the decay very well for longer times. Furthermore,
the values of β are nearly the same for both current densities, as was also found by
Fery and Meerheim [71,74]. With increasing initial luminance, the overestimation of
the decay at short times seems to become a little stronger. The lifetime curves of the




are shown in ﬁgure 5.10.
Here, for the device measured at 20 mA
cm2
a shortcut occured before half its initial
luminance was reached. From the ﬁndings of the two ﬁts to the GMH devices, I
decided to extract the ﬁtted value of β from the ﬁt at 5 mA
cm2
and ﬁxed it for the ﬁt at
20 mA
cm2
. In that way, an underestimation of the half-life at 20 mA
cm2
as described above
was prevented. Similar to the GMH70 devices, the decay at short times is slightly
overestimated and the long term decay is described very well. Now, using equation
??, it was possible to perform an estimation of the half-lifes of the two OLED-stacks
at a lower luminance.




and the half-life values extrapo-
lated to 100 cd
m2
are presented in table 5.2. As it can be seen, the GMH70 has an
extrapolated lifetime of 4938 hours compared to 3837 hours for the HS, which equals
an improvement of 29 %. Although this analysis yields only a rough estimation, it
can be presumed that the lifetime of the GMH devices in general is superior to that
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of HS devices. This statement is further corrobarated by a lifetime measurement
of a GMH30 device aged at 20 mA
cm2
(see also table 5.2), which exhibited nearly the
same initial luminance as the HS device, but showed a higher lifetime of 10.3 hours
compared to 6.7 hours, an improvement of 53%.
5.4 Summary
To conclude this chapter, the most important facts are summarized here:
• The GMH70 stack exhibits an outstanding performance compared to all other
stacks. This can be attributed to a much better charge balance, broader re-
combination zone and improved recombination eﬃciency due to the graded
structure. In general, the device structure can be even further improved by
making the HTL layer thinner and optimizing the EML thickness. This would
result in a reduced driving voltage and higher power eﬃcacy. Possibly also the
doping concentration can be ﬁne-tuned. This can be a task for future works.
• The GMH45 and GMH30 stacks showed a superior roll-oﬀ behaviour compared
to the other stacks. The current density where the roll-oﬀ reaches 90% was
three times larger compared to the HS and is attributed to a broadened re-
combination zone. Although the roll-oﬀ for the GMH70 device was strongest
for low current densities, it became weaker for higher current densities so that
the roll-oﬀ was reduced for current densities above 100 mA
cm2
. This eﬀect is at-
tributed to a change of charge balance or the width of the recombination zone
with increasing current density.
• It is unclear, why the roll-oﬀ for the UMH was not reduced compared to that
Table 5.2: Lifetimes, the parameter β and the corresponding initial luminances of
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HS 1580 54.3 0.55 6050 6.7 0.55 100 1.5 3837
GMH70 2835 37.5 0.475 9410 6.5 0.483 100 1.7 4937
GMH30 6100 10.3 0.564
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of the HS. It can be assumed that it exhibits a loss of charge balance at higher
current density so that the recombination zone is at the vicinity of one of the
interfaces resulting in increased quenching eﬀects. The applied mixing ratio of
TCTA and TPBI was reported to yield eﬃcient charge balance [78], but most
possibly it has to be ﬁne-tuned for this OLED structure.
• The measured emission spectra indicate that the recombination zone for the
OLEDs with mixed structures is shifting with increasing current density. This
implicates that for devices with graded host structures the recombination zone
is not restricted to one of the interfaces, which should result in a broadened
recombination zone
• The GMH70 and GMH30 show an improved lifetime compared to that of the
HS. For the GMH70 device a lifetime improvement of 29% was estimated at
a luminance of 100 cd
m2
. At 6000 cd
m2
a GMH30 device even showed an lifetime
improvement of 53% compared to a HS device.
Table 5.3: Summary of the averaged and maximum eﬃciencies and the corresponding

















































max 48.2 16.4 15.9 14
6. Identifying intermixing in the light emitting
layer by impedance spectroscopy
In this chapter the results of the impedance measurements are presented. To be able
to analyze multiple layers of organic materials with impedance spectroscopy, ﬁrstly
the single materials have to be characterized. The results of such a characterization
are presented in section 6.1. In section 6.2 the results of the measurements of devices
with graded intermixed layers are presented. For all impedance spectra analyzed in
this thesis, the total complex impedance Z of the chosen circuit representation was
used as a ﬁt function and the ﬁts were weighed with |Z|2 as suggested in the Agilent
handbook. The ﬁts yielded Re(Z) and -Im(Z) from which the conductance and
capacitance spectra (equations 2.39 and 2.40) were calculated and directly compared
to the measured spectra.
Table 6.1: Structures and equivalent circuit representation of all single layer devices









R0 { Stack MoO3 Layer Ca
M1 70 - -
M2 10 - 10
TCTA1 - TCTA, 50 -
TCTA2 5 TCTA, 90 -
TCTA3 10 TCTA, 40 -
TPBI1 - TPBI, 80 -
TPBI2 - TPBI, 50 10
Mix - TCTA:TPBI (50:50), 50 -
6.1 Characterization of the materials
In this section the diﬀerent materials used in this thesis are characterized. Several
stacks of single materials with and without contacting layers and the contacting lay-
ers themselves are analyzed.
The ITO and Ag layers are expected to be too thick and too conductive to be visible
in the impedance spectrum. Probably also Ca is also too conductive, but the Ca layer
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Figure 6.1: Conductance and Capacitance of all devices with a 70nm thick MoO3
layer. For better visualisation, only every 4th data point is shown.
in the OLEDs with a dielectric constant of about 3 is only 10nm thick so that its
capacitance could inﬂuence the impedance spectra at very high frequencies. Further-
more, the workfunction diﬀerence of the contacting layers - ITO≈5.2 eV, Ca≈2.8 eV,
Ag≈ 4.4 eV - possibly result in the presence of space charges at the interfaces of the
organic and contacting layers (compare ﬁgure 2.17) and could also inﬂuence the spec-
trum. To be able to quantify these eﬀects also for the measurements for the complete
OLEDs, all of the stacks presented in this section were sandwiched between between
the 150nm thick ITO and a 100nm thick Ag layer. Furthermore, the inﬂuence of
Ca and MoO3 was analyzed. The structures of all stacks examined in this section
are summarized in table 6.1.
6.1.1 Contacting layers: MoO3 and Ca
For the analysis of stacks with multiple layers it will be important to model the
inﬂuence of MoO3, Ca and the eﬀect of space charges on the impedance spectra as
precise as possible. Two diﬀerent equivalent circuits were ﬁtted to the impedance
data of two stacks containing a MoO3 layer and both yielded reasonable results. The
ﬁrst one is a parallel circuit of a resistance R1 and capacitance C1 in series with
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Figure 6.2: Conductance and capacitance spectra of device 3-2, a single layer ﬁt with
equation 6.2 and a double layer ﬁt with equation 6.1. Above 1MHz, the capacitance
spectrum is inﬂuenced by the inductance and excluded from the ﬁt.
The second one is a single-layer circuit consisting of a parallel combination of a






Stack M1: MoO3 (70 nm)
For thick layers of MoO3 (d ≈ 500nm) a three layer behaviour with dielectric
constants for each layer of above 100 has been reported in impedance measure-
ments [144]. These layers account for the contributions of the lattice bulk, the grain
boundaries (caused by trapped charges due to impurities) and mobile ionic charge
carriers respectively. Furthermore, it was reported that the capacitance in MoO3
single layers is mainly deﬁned by an accumulation of the mobile ionic charge carriers
at the electrodes leading to space charge polarization when applying an AC volt-
age [145]. At higher frequencies a reduced capacitance was found, attributed to a
declining concentration of these accumulated charge carriers.
Due to the high conductivity of MoO3 compared to the organic materials, the
eﬀect of a thin MoO3 layer in combination with thin nearly insulating layers of
organic materials on the impedance measurements is not expected to be strong at
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low frequency (compare equation 2.41). However, the capacitance possibly cannot
be ignored for high frequencies (compare equation 2.42). To analyze this in detail,
devices with a 70nm layer of MoO3 between ITO and Ag were prepared. In ﬁgure 6.1
the conductance and capacitance spectra of all such devices are presented. Devices on
the same substrate (depicted with the same colour) show similar characteristics. This
eﬀect was observed for most of the impedance measurements carried out in this thesis
and can probably be attributed to slight diﬀerences in the layer characteristics on the
diﬀerent substrates. The capacitance indeed exhibits a decrease at high frequencies
as reported in [145] and the conductance shows an UDR like AC behaviour (compare
section 2.3.2).
The data of device 3-2 and the corresponding ﬁts with equations 6.1 and 6.2
are depicted in ﬁgure 6.2. Both equivalent circuits describe the characteristics of
conductance and capacitance very well. At high frequencies there is a steep increase
in the capacitance, which can be attributed to the inductance. An inductance will
be included in the ﬁt for the organic layers in the next section. The advantage of the
single layer representation in equation 6.2 is that it consists of only 3 free parameters
for the ﬁt as opposed to 5 parameters in equation 6.1. This can be helpful for more
complicated layers with even more free parameters.
Stack M2: MoO3 (10 nm) + Ca(10 nm)
Table 6.2: Averaged results of the ﬁts for the two stacks containing MoO3.




(3.2± 0.4) · 10−3 (6.2± 1.4) · 10−5




(9.5± 0.4) · 10−4 (2.8± 1.0) · 10−5
Q in F1/α (5.8± 0.7) · 10−6 (1.4± 1.8) · 10−6
α 0.81± 0.08 0.79± 0.06
σDC in 1Ωm (7.2± 2.7) · 10−4 (3.2± 0.4) · 10−3
Q in F (4.2± 0.2) · 10−7 (3.3± 1.0) · 10−7
β 0.72± 0.02 0.5± 0.1
To check if equation 6.2 is also applicable as a ﬁt function for thinner layers of MoO3
in combination with a thin layer of Ca as they are present in the GMH OLEDs,
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Figure 6.3: Conductance and capacitance spectra of device 1-2, a single layer ﬁt with
equation 6.2 and a double layer ﬁt with equation 6.1.
devices with a 10nm thick MoO3 and 10nm thick Ca layer were prepared. Fits
with equations 6.1 and 6.2 were performed and the results for device 3-3 are shown
in ﬁgure 6.3. The characteristics resemble these of the thicker MoO3 layer and no
direct inﬂuence of Ca on the spetrum can be identiﬁed. Although the single layer ﬁt
in this case is not describing the data as well as the double layer ﬁt, it still models the
general behaviour quite well. In the next section the use of equation 6.2 to model the
inﬂuence of MoO3 (plus possible space charge eﬀects) on the impedance spectra will
be justiﬁed. The averaged ﬁt parameters for all devices of the M1 and M2 stacks are
presented in table 6.2. Here it was assumed that the capacitance can be described
by equation 2.28 for the RC-element in the ﬁt with equation 6.1. In that case, for
the M1 stack a dielectric constant of  = 148 ± 21 was found, similar to the values
reported in [144].
6.1.2 Single semiconducting layers
As a next step, single layers of TCTA and TPBI with varying thicknesses with and
without MoO3 respectively Ca were prepared. This was done to characterize the
organic layers and also to check the inﬂuence of the contacting layers on the spec-
tra. For the single organic layers, equation 2.32 in combination with the frequency
dependence of the conductivity and dielectric constant described by equations 2.43
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Figure 6.4: Conductance and Capacitance of all devices with a 50nm thick TCTA
layer.
and 2.44 was used as an equivalent circuit. The possible inﬂuence of the contacting
layers and space charges was modelled by equation 6.2. Taking the inductance of
the electrical circuit into account, the modiﬁed total impedance of an organic single











with the frequency dependent conductivity and dielectric constant:













Stack TCTA1: TCTA (50 nm)
To make sure, that all eﬀects which could arise from Ca or MoO3 are excluded, devices
with a single 50nm thick TCTA layer were prepared. The only possible inﬂuence are
space charges at the interfaces of TCTA to ITO or Ag, caused by the work function
diﬀerence of the electrodes. In ﬁgure 6.4 the conductance and capacitance spectra
of all such devices are depicted. As expected from UDR theory, they all exhibit a
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Figure 6.5: Conductance and Capacitance of sample 2-2 and the corresponding ﬁt
with equation 6.3. The ﬁt parameters are shown.
slight decrease in capacitance with increasing frequency and the conductivity exhibits
an AC behaviour at high frequencies. The values of the capacitance are scattered
between 11nF and 12nF. On the one hand, this can be explained by small variations
of the layer thickness, which are caused by the diﬀerent positions of the substrates in
the substrate holder. This is further supported by noticing that devices on the same
substrate show very similar capacitances. One the other hand, even if the dielectric
constant is expected to be quite constant, small variations from layer to layer are
not unrealistic. As can be seen, the values of the DC-conductance at low frequencies
vary over about one order of magnitude. Diﬀerences of the intrinsic charge carrier
concentration or of the density of trapped charges are probably a reason for that
eﬀect.
The imaginary part of the impedance is inﬂuenced by the inductance of the
electrical leads in the region above 1MHz. This results in a steep increase of the
capacitance spectra. This inﬂuence can be modelled by the ﬁt and was present
for all impedance measurements performed in this thesis. It always equaled about
(3± 1) · 10−8 H. The spectra of device 1-3 and a corresponding SL-Fit ﬁt with equa-
tion 6.3 are presented in ﬁgure 6.5. It is possible to describe the spectrum over the
whole frequency range without the CPE term in equation 6.3, i.e. RQ = 0. For
the other parameters, the ﬁt yielded σDC = 2.4 · 10−8 1Ωm , σAC = 8.6 · 10−14 1Ωm and
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s = 0.982.
The parameters σAC and s are both used to describe the frequency behaviour
of the conductance and capacitance. For a better comparison, I decided to take the
average value of s of all ﬁts of the 50nm TCTA layer which gave reasonable values
between 0.9 and 1: s = 0.976 ± 0.008. All the ﬁts were afterwards repeated with s
ﬁxed at this value and the parameter σAC was left a free parameter. This value for
s was also used for the ﬁts of the other layers incorporating TCTA. The averaged
results for the ﬁt parameters of the TCTA1 stack are included in table 6.3.
Stack: TCTA2: TCTA (40 nm) + MoO3 (10 nm)
A double layer consisting of 40nm TCTA and 10nm MoO3 was prepared to check
if the ﬁt function introduced in 6.1.1 can be used to model the inﬂuence of MoO3
on the impedance spectra when combined with thin layers of organic materials. As
all single layer stacks in this section show a behaviour similar to that of the TCTA1
stack in ﬁgure 6.4, I decided to present the data and ﬁts for one characteristic device
for all stacks from here on.
In ﬁgure 6.6a and 6.6b the conductance and capacitance spectra and the cor-
responding ﬁts of such a characteristic device are shown. As can be be seen, at
high frequencies the capacitance exhibits a slight decrease, which possibly can be at-
tributed to MoO3. Due to its much higher conductivity, MoO3 should not inﬂuence
the spectra at low frequencies. Therefore, to extract the parameter values for TCTA,
a SL-Fit for frequencies of f < 1 · 104 Hz (plateau of the capacitance) was performed
(RQ = 0 and L = 0 in equation 6.3). To varify that this can be done, the data of
device 2-2 from the TCTA1 stack are also included in the graph. The data points
have been scaled by the factor d1
d2
according to the thickness diﬀerence of the layers
and then been shifted on the y-axis for better visualisation. The frequency depen-
dence of conductance and capacitance then should exhibit the same characteristics
as the TCTA2 layer at low frequencies. Having a look at the capacitance, one can
see that this is true. That veriﬁes that the additional decrease of the capacitance at
high frequencies and the earlier onset of the increase of the conductance can solely
be attributed to the MoO3 layer.
The results of this ﬁt are σDC = 5.7 · 10−8 1Ωm , σAC = 8 · 10−14 1Ωm and ∞ =
2.42 (with s ﬁxed at 0.9764). The value of σAC was ﬁxed for the DL-Fit, which
incooperates the CPE-element. The DL-Fit yields RQ = 1.2 Ω, Q = 5.7 · 10−7 F,
β = 0.8 and can describe the data over the whole frequency range. The averaged
data of all TCTA2 devices are included in table 6.3.
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(a) Conductance of a device with a 40 nm
thick TCTA+10 nm thick MoO3 layer and
the corresponding single- and double layer
ﬁts. Also included are the scaled data of a
TCTA1-device.
(b) Capacitance of a device with a 40 nm
thick TCTA+10 nm thick MoO3 layer and
the corresponding single- and double layer
ﬁts.
Figure 6.6
Stack TCTA3: TCTA (90 nm) + MoO3 (5 nm)
A double layer of 90nm TCTA and 5 nm MoO3 was prepared to check if the ma-
terial parameters of TCTA change for higher layer thicknesses and to see the eﬀect
of an even thinner layer of MoO3. The spectra of a characteristic device and the
corresponding ﬁts are depicted in ﬁgure 6.7a. The scaled data of device 2-2 from
the TCTA1 stack are again included for comparison. The SL-ﬁt is again a ﬁt to the
plateau of the capacitance and shows similar characteristics compared to the TCTA1
spectra. It yields values of σDC = 6.1 · 10−8 1Ωm , σAC = 5 · 10−14 1Ωm and ∞ = 2.77 (s
ﬁxed at 0.9764) and were ﬁxed for the DL-Fit. The DL-Fit describes the data over
the whole frequency range very well and the results are: RQ = 18.2Ω, Q = 4.7·10−7 F
and β = 0.89. The earlier onset of the additional decrease of the capacitance and
increase of the conductance can be explained by the higher resistance of the MoO3
layer compared to that in the TCTA2 stacks. Such variations of the MoO3 resistance
were also present for the measurements in section 6.2 and can always be modelled
by the CPE-element. The averaged data of all TCTA3 devices are included in table
6.3.
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The strong deviation of ∞ between the three TCTA stacks can be explained
by the fact that the frequency dependance deﬁned by σAC and s in equation 6.5 is
varying. Iin the frequency range of interest for impedance spectroscopy, the absolute
values of the dielectric constant deﬁned by equation 6.5 are similar. To point that
out, the averaged parameters of the three stacks were used to calculate the values of
r at a frequency of 1000Hz with equation 6.5 and are also included in 6.3. As can
be seen, all stacks yield a similar dielectric constant.
(a) Conductance of sample 1-1 with a
90 nm thick TCTA+10nm thick MoO3
layer and the corresponding single- and
double layer ﬁts.
(b) Capcitance of sample 1-1 with a 90 nm
thick TCTA+10nm thick MoO3 layer and
the corresponding single- and double layer
ﬁts.
Figure 6.7
Stack TPBI1: TPBI (80 nm)
A 80nm thick TPBI layer was prepared to extract the material parameters of TPBI
and minimize inﬂuences of additional layers. The spectra of conductance and ca-
pacitance for a characteristic device and the corresponding ﬁts are shown in ﬁgure
6.8. Same as for the TCTA2 and TCTA3 stacks, the SL-Fit to the plateau of the
capacitance alone cannot explain the slope of the conductance at high frequencies.
Applying a DL-Fit resolves this issue and the whole spectrum can be ﬁtted very well.
The ﬁt results are: σDC = 1.4 · 10−7 1Ωm , σAC = 3 · 10−14 1Ωm , ∞ = 3.56, RQ = 0.4Ω,
Q = 3.6 · 10−6F and β = 0.63. As can be seen, the resistance of the CPE-element
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Figure 6.8: Conductance and Capacitance of a device with a 80nm thick TPBI layer.
was quite low and was possibly caused by space charges at the interfaces. Same as
for the TCTA stacks, I decided to extract the average value of s from all ﬁts which
gave a reasonable value, s = 0.987 ± 0.004 and repeat the ﬁts with a ﬁxed s. The
averaged values of all devices are summarized in table 6.4.
Stack TPBI2: TPBI (50 nm) + Ca (10 nm)
The inﬂuence of Ca was examined by preparing devices with a 50nm thick TPBI layer
and a 10nm Ca layer. The spectra of a characteristic device and the corresponding ﬁts
are depicted in ﬁgure 6.9. Again the characteristic UDR behaviour can be observed,
but at high frequencies an additional decrease of the capacitance can be observed.
This is either caused by the higher workfunction diﬀerence of Ca/ITO compared to
Ag/ITO and the resultant increased number of space charges at the interfaces or by
the capacitance of the Ca layer. Same as for the TCTA2 and TCTA3 stacks, the
SL-ﬁt was ﬁtted to the plateau of the capacitance to extract the material parameters
of TPBI. Subsequently, the CPE-element was included in the ﬁt and the additional
decrease in capacitance and increase in conductance can be modelled very well. The
results of the ﬁts are: σDC = 2.4·10−7 1Ωm , σAC = 4.2·10−14 1Ωm , ∞ = 2.96, R2 = 3.8Ω,
Q = 3.8 · 10−6F and β = 0.73. The averaged parameters of this stack are included
in 6.4.
80 6. Identifying intermixing in the light emitting layer by impedance spectroscopy
Figure 6.9: Conductance and capacitance of a device with a 50nm thick TPBI+10nm
thick Ca layer and the corresponding single- and double layer ﬁts.
Stack Mix: TCTA:TPBI (50:50) (50 nm)
An estimation of the material parameters in a mixed layer of TCTA and TPBI
was performed by preparing devices with a 50nm thick uniformly mixed layer of
TCTA:TPBI with a ratio of 50:50. The spectra of conductance and capacitance of
a characteristic device and a DL-Fit are shown in ﬁgure 6.10. The spectra resemble
very much the characteristics of the single layer devices and there is a slight additional
decrease of the capacitance at high frequencies. The data can be very well described
by the DL-ﬁt and the results are: σDC = 2.4·10−7 1Ωm , σAC = 4.2·10−14 1Ωm , ∞ = 2.96,
R2 = 3.8Ω, Q = 3.8 · 10−6 F and β = 0.73. The averaged parameters of all devices
are included in table 6.4. As can be seen, the averaged values of σAC and ∞ are
somewhere in between the values of the pure materials. The important information is,
that the dielectric constant is not completely diﬀerent from that of the pure materials.
That means, we can expect some kind of transition from the value for pure TCTA to
that of pure TPBI in an intermixed layer. Even if the mixed layer exhibits a slightly
higher dielectric constant than expected from the transition described by equation
2.51, this would only result in a slight overestimation of the layer thickness of the
intermixed region.
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Figure 6.10: Conductance and capacitance of a device with a 50nm uniformly mixed
layer of TCTA:TPBI (50:50) and the corresponding double layer ﬁt.
Conclusion
For the ﬁts of the stacks with multiple layers we need to ﬁx the material parameters
of the pure materials. The conductivity σDC always has to remain a free parameter
for the ﬁts, because it varies slightly from layer to layer. For the other parameters it
is straight forward to take the average of the parameter values of all stacks examined
in this section. The averaged values are summarized in table 6.5. The CPE-element
has proven to be able model additional inﬂuences introduced by MoO3, Ca or space
charges very well. Yet, the parameters of the CPE-elements also have to remain free
parameters. For the stacks presented in the next section, these external inﬂuences
are only observable at very high frequencies and should not impede the identifying
of intermixing.
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Table 6.3: Averaged results of the ﬁts of the three stacks containing a TCTA layer.
The paramaters of all stacks were averaged.
Stack TCTA1 TCTA2 TCTA3
Parameter (9 devices) (6 devices) (7 devices)
σDC in 1Ωm 5.8 · 10−8 3.7 · 10−8 3.4 · 10−8
σAC in 1Ωm (7.9± 0.8) · 10−14 (1.3± 0.3) · 10−13 (4.0± 0.6) · 10−14
∞ 2.49± 0.08 2.32± 0.10 2.76± 0.04
s 0.9764± 0.0023 0.9764 (ﬁxed) 0.9764 (ﬁxed)
r(ω)@10
3 Hz 2.69 2.64 2.84
RQ in Ω 0 14± 8 1.3± 0.3
Q in F - (9.4± 4.1) · 10−7 (7.8± 2.5) · 10−7
β - 0.7± 0.1 0.77± 0.12
Table 6.4: Averaged results of the ﬁts for the two stacks containing a TPBI layer
and the stack with a uniformly mixed layer of TCTA:TPBI (50:50).
Stack TPBI1 TPBI2 Mix1
Parameter (14 devices) (9 devices) (6 devices)
σDC in 1Ωm 9.3 · 10−8 5.9 · 10−8 4.1 · 10−8
σAC in 1Ωm (3.9± 1.2) · 10−14 (3.4± 0.4) · 10−14 (4.9± 0.6) · 10−14
∞ 3.02± 0.15 3.33± 0.21 2.90± 0.05
s 0.987± 0.002 0.987 (ﬁxed) 0.987
RQ in Ω 4.6± 2.7 1.9± 1.5
Q in F - (5.6± 1.7) · 10−6 (8.5± 3.2) · 10−6
β - 0.74± 0.05 0.7± 0.1
Table 6.5: Averaged parameter values for the pure materials.
Parameter TCTA TPBI
σAC in 1Ωm 8.6 · 10−14 3.7 · 10−14
∞ 2.51± 0.05 3.17± 0.13
s 0.976 0.987
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6.2 Analysis of devices with a graded mixed structure.
Finally, we can analyze devices with a graded structure. As introduced in section
2.3.4, the two equivalent circuits to model the impedance of an organic double layer
are:































In section 4.3 the normalized evaporation rates of the three OLED stacks with graded
mixed host structures are illustrated (compare ﬁgure 4.5). It is straight forward to ﬁx
the parameter a 6.8 in such a way that the modelled transition width of the material
parameters exhibits a similar shape. For that purpose, I deﬁned a = 1
4.6
≈ 0.22. In
that case, equation 6.8 at the transition to the pure layers equals χ(x) = 0.99 as
shown in ﬁgure 2.19. Taking into account the inﬂuence of the MoO3 layer, space
charges and the inductance, the two ﬁt functions compared in this section are:
Fit1 : Ztot,mix1 = Zmix,DL +
R
(1 +RQ(iω))β
+R0 + iωL (6.9)
Table 6.6: Structures of all devices with a graded mixed structure investigated with














Stack MoO3 TCTA Intermixed layer TPBI Ca
GM35 0 50 35 45 0
GMH30 10 50 30 + Ir(ppy3)(7%) 30 10
GMH45 10 50 45 + Ir(ppy3)(7%) 30 0
GMH70 10 50 70 + Ir(ppy3)(7%) 30 0
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Figure 6.11: Conductance and Capacitance all devices with a 35nm thick intermixed
transition layer.





+R0 + iωL (6.10)
The structures of all stacks analyzed in this section are summarized in table 6.6.
The OLEDs with the graded mixed structures are doped with the phosphorescent
dye Ir(ppy)3. A measurement of a pure Ir(ppy)3 layer not shown here yielded a
dielectric constant of about 3.2. Thus, the implementation of the phoshpor at low
weight percentage will not change the dielectric constant of the mixed layer severly.
For the conductivity however, it has been reported that the HOMO states of Ir(ppy)3
act as traps for charge carriers in TCTA doped devices lowering the mobility by 1-2
orders of magnitude [132]. Thus, the phosphpor could have strong eﬀects on the
intrinsic charge carrier density respectively mobility in the mixed regions. This will
be examined for the GMH devices.
Stack GM35
To exclude eﬀects, which could be introduced by the phosphorescent dye Ir(ppy)3,
devices with a 35nm thick graded intermixed region of TCTA and TPBI without
MoO3 and Ca were prepared. In ﬁgure 6.11 the conductance and capacitance spectra
of all GM35 devices is shown. At ﬁrst sight it is diﬃcult to observe a two layer
behaviour for the conductance. The capacitance however exhibits a strong increase
at low frequencies, which possibly can be attributed to a multilayer behaviour. To
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Figure 6.12: Conductance and Capacitance of device 1-1 of the GM35 stack and the
corresponding ﬁts with equations 6.9 and 6.10.
examine the conductance in more detail, the spectra of device 2-1 and the two ﬁts
with equations 6.9 and 6.10 are presented in ﬁgure 6.11. The inset is a zoom in
into the region at low frequencies. Here, the two plateaus of the conductance can
be identiﬁed. For high frequencies, both ﬁts yield reasonable results: The total
capacitance of a multilayer device is independent of the resistance of the layers and
the behaviour of the conductance is mainly deﬁned by σAC, which is similar for both
layers. At low frequencies however, Fit 1 and Fit 2 are deviating. Fit 1 cannot
describe the steep increase of the capacitance as well as the characterics of the two
plateus very good, whereas Fit2 yields a good description over the whole frequency
range. In fact, Fit 1 did not even converge for two of the four devices. Thats
why in table 6.7 only the averaged results of Fit 2 are presented. Furthermore
the values estimated from the measurements with the microbalances are included,
where an error of 10 % was assumed. The parameter values of the CPE-element
are also included, but as it inﬂuenced the spectrum only at high frequencies it will
not be further discussed for the following stacks. Because of the variations of the
DC-conductivities from device to device, no error for σDC is speciﬁed.
The total layer thickness is predicted very well by the ﬁt. In the intermixed
zone, the ﬁt yields a decreased conductivity compared to that of the pure layers,
as can be seen by looking at the value of σDC,mix2, which is about one order of
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Figure 6.13: Normalized evaporation rates of the GM35 stack and an illustration of
the width of the zone which was identiﬁed as intermixed by the ﬁt.
magnitude lower than that of the pure layers. The result for the TCTA layer thick-
ness of dTCTA =(50± 5)nm is very good. The result for the transition width is
h =(12± 12) nm and thus, the TPBI layer thickness is slightly overestimated. The
real transition width is underestimated by about 66%. However, this can be un-
derstood by looking at ﬁgure 6.13, where the normalized evaporation rates of the
GM20 stack are shown. Here, the dotted black lines illustrate the region which is
identiﬁed as intermixed by the ﬁt. It is not unrealistic, that the overall mobility does
not change abrubtly at the edges of the intermixed layers. When the concentration
of the respective molecules are lowered, there are fewer and fewer paths for both,
electrons and holes so that the overall mobility can be expected to be lowered in the
intermixed region. Such a decrease in the overall mobility in an intermixed region
was for example reported for intermixed layers of NPD and Alq3 [124].
Stack GMH30
In ﬁgure 6.14 the conductance and capacitance spectra of all GMH30 devices are
shown. The conductance values at low frequencies are scattered somewhat, similar
to these of the TCTA 1 stack. The capacitance exhibits similar characteristics for
all devices and a multilayer behaviour with two plateus can be identiﬁed. In ﬁgure
6.15 the data of device 2-1 and the two ﬁts are depicted. Both ﬁts can describe the
impedance spectrum very well. In fact, both ﬁts lie more or less on top of each other.
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This was found for all devices of this stack, so that it is more meaningful to directly
compare the averaged ﬁtting results. They are summarized in table 6.8. For the
conductivites no error is speciﬁed, because of the varying values between the devices
at low frequencies. Looking at the values, Fit2 seems to estimate more reasonable
results. Fit 1 underestimates the transition width to be h =(9.4± 5.0)nm, while
Fit 2 gives a value of h =(22± 8)nm. Furthermore, the layer thickness of TCTA is
modelled better by Fit 2. Thus, both ﬁts were able to identify an intermixing, with
Fit 2 yielding more realistic results.
Stack GMH45
Same as seen for the devices of the GMH30 stack, the spectra of the devices of the
GMH45 stack all exhibit a similar behaviour for the capacitance and slightly varying
conductances at low frequencies. In ﬁgure 6.16 the conductance and capacitance
spectra of a characteristic device and the corresponding ﬁts are depicted. Again,
both ﬁt functions can describe the spectra over the whole frequency range very well.
Fit2 even can account for the slight additional increase of the capacitance at very
low frequencies.
The averaged results of both ﬁts are shown in table 6.9. Again, the total layer
thickness is very well predicted by both ﬁt functions. However, while Fit1 predicts an
intermixed zone of hFit1 =(9.4± 5.0) nm, the result of Fit2 is hFit2 =(58.5± 2.8)nm.
The diﬀerence lies in the conductivites: Fit1 only has two free parameters for the
Table 6.7: Averaged results of the two ﬁts for all GM35 devices.
Parameter Fit2 Microbalances
σDC,TCTA in 1Ωm 7.1 · 10−10









dtot in nm 130± 2 130± 13
dTCTA in nm 50± 7 50± 5
h in nm 12± 2 35± 5
RQ in Ω 7± 3
Q (4.0± 0.7) · 10−8
β 0.74± 0.02
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Figure 6.14: Conductance and Capacitance of all GMH30 devices.
conductivy and therefore must attribute the low conductivity found in the spectra
at low frequencies to either the TCTA or TPBI layer. On the contrary, Fit2 fully
attributes the low conductivity to the intermixed region and yields similar conduc-
tivities for the TCTA and TPBI layers as was also found for the single materials.
The eﬀect of a lowered mobility by introducing a dopant has been described above
and could explain these ﬁt results [132]. One reason for the fact that Fit2 even
Table 6.8: Averaged results of the two ﬁts for all GMH30 devices.
Parameter Fit1 Fit2 Microbalances
σDC,TCTA in 1Ωm 5.7 · 10−9 5.7 · 10−9









dtot in nm 114± 4 112± 5 110± 11
dTCTA in nm 35.8± 13.0 44± 11 50± 5
h in nm 9.4± 5.0 22± 8 30± 3
RQ in Ω 3.5± 1.5
Q (8.5± 2.1) · 10−7
p 0.8± 0.1
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Figure 6.15: Conductance and Capacitance of device 2-1 and the corresponding ﬁts.
overestimates the transition width might be attributed to a slightly higher dielec-
tric constant in the mixed layer which would lead to an overestimation of the layer
thickness. However, same as for the GMH30, the total layer thickness is quite well
predicted by both ﬁts, so it can be expected that the ﬁxed material parameters for
TCTA and TPBI are consistent.
Table 6.9: Averaged results of the two ﬁts for seven GMH45 devices.
Parameter Fit1 (7 devices) Fit2 Microbalances
σDC,TCTA in 1Ωm 3.5 · 10−8 3.9 · 10−8









dtot innm 122.6± 3.6 120.8± 3.6 125± 12
dTCTA innm 50± 2 39± 9 50± 5
h innm 9.4± 5.0 58.5± 2.8 45± 5
RQ in Ω 56± 13
Q (3.6± 1.4) · 10−8
p 0.86± 0.04
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Figure 6.16: Conductance and Capacitance of a characteristic GMH45 device and
the corresponding ﬁts.
Stack GMH70
The spectra of a characteristic GMH70 device and the two ﬁts are shown in ﬁgure
6.17. Again, both ﬁts describe the general shape of the spectrum nicely and Fit2
can again even account for the additional increase of the capacitance at very low
frequencies. The averaged results of both ﬁts are presented in table 6.10. The
results very much resemble these of the GMH45: Fit1 attributes the low conductance
found at low frequency to the TPBI layer, whereas Fit2 fully attributes it to the
doped region and yields a similar conductivity for the TPBI and TCTA layers. Fit1
again strongly underestimates the intermixing and yields a width of the intermixed
zone of hFit1 =(12± 8)nm, while Fit2 predicts the real transition width very good:
hFit2 =(69± 15)nm. The total layer thickness is underestimated by about 10%, but
this is still in the error range of the microbalances.
6.2.1 Conclusion
Four diﬀerent structures with graded intermixed structures have been analyzed. For
the undoped GM35 stack, an intermixing of h =(12± 2)nm was found with the ﬁt
function deﬁned by equation 6.10. It was able to account for a decrease of the con-
ductivity of the intermixed layer and the resulting steep increase of the capacitance
at low frequencies which could not be described by the other ﬁt function. The real
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Figure 6.17: Conductance and Capacitance of a characteristic GMH70 device and
the corresponding ﬁts.
transition width is underestimated by about 66%. By assuming that the mobility
only noticeably changes for a certain mixing ratio of both molecules, this is a reason-
Table 6.10: Averaged results of the two ﬁts for eleven GMH70 devices.
Parameter Fit1 Fit2 Microbalances
R0 150
σDC,TCTA in 1Ωm 3.1 · 10−8 3.7 · 10−8









dtot in nm (140± 5) nm (136± 5)nm (150± 15)nm
dTCTA in nm (52± 4)nm (42± 11)nm (50± 5)nm
hinnm (12± 8)nm (69± 15)nm (70± 7)nm
RQ in Ω 659± 92
Q (8.4± 0.9) · 10−8
p 0.95± 0.01
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able result [124]. Furthermore, the ﬁt function can possibly be improved to account
for this eﬀect.
For the OLEDs incorporating the phosphorescent dye Ir(ppy)3 in the graded
mixed structure, Fit1 underestimated the width of the transition zone for all three
stacks, while Fit2 attributed the low conductance found in these devices to the
intermixed zone [132] and yielded reasonable values for the transition width for all
examined stacks.
In conclusion it has been shown, that the newly introduced ﬁt function was able
to identify the intermixed layers for all presented structured and gave reasonable
values for the transition width h. In these intermixed layers, the ﬁt modelled the
conductivity to be diﬀerent from the ideal behaviour for pure layers. If similar eﬀects
on the conductivity are also present for intermixed layers which result from a printing
process, impedance spectroscopy can be a suitable tool for the identifying of these
layers. In the future, more layers without dopant in the mixed region should be
analzyed to verify the results for the GM35 stack presented here and furthermore
printed layers should be analyzed.
7. Summary and Outlook
In the ﬁrst part of this thesis, phosphorescent OLEDs with mixed host structures
in the light emitting layer have been examined. For that purpose a simple OLED
stack, consisting of MoO3 as a hole injection layer (HIL), TCTA as a hole transport
layer (HTL) and TPBI as an electron transporting layer (ETL) was introduced. The
basic structure of these three layers was ﬁxed for all devices. Diﬀerent approaches for
the emitting layer have been examined: Devices with a conventional heterostructure,
a uniformly mixed host structure with a mixing ratio of TPBI:TCTA (63:30) and
three graded mixed host structures with thicknesses of 30nm, 45nm and 70nm were
prepared by thermal vacuum evaporation and compared to each other in detail.
The emitting layer was doped with 7% of the phosphorescent dye Ir(ppy)3. The
PHOLEDs with a 70nm broad graded emitting layer show the best perfomance with
a maximum power eﬃciency and external quantum eﬃciency of 48.2 lmW and 16.4%
respectively. Compared to the eﬃciencies of the heterostructure, that corresponds
to an improvement of about 50%. Furthermore the graded OLEDs with a 45nm
and 30nm broad emitting layer show a reduced eﬃciency roll-oﬀ at high current
densities. The critical current density for which the eﬃciency drops to 90% of its
initial value is three times higher compared to that of the heterostructure and the
uniformly mixed host devices. Furthermore, lifetime measurements were performed
which allowed for an extrapolation of the lifetimes to lower luminance levels. For an
initial luminance of 100 cd
m2
the PHOLEDs with a 70nm graded emission layer yield
a lifetime improvement of 29% compared to that of the heterostructure devices.
These eﬀects are attributed to a broadened emission zone and an improved charge
balance of the OLEDs with a graded mixed host structure. Further support for that
assumption comes from measurements of the emission spectra of the devices. The
spectra of the OLEDs with a graded structure show a slight red shift with increasing
current density, while there was no change of the spectra for the heterostructure
devices. This eﬀect is explained by assuming a shift of the recombination zone inside
the emitting layer with the conclusion that the recombination zone in the graded
structure is not resticted to one of the interfaces.
The devices with a uniformly mixed host shows a slightly improved quantum
eﬃciency compared to the heterostucture devices. However, the observed eﬃciency
roll-oﬀ is not reduced. Most probably the mixing ratio of 63:30 of TPBI:TCTA
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can be further ﬁne-tuned to yield a better charge transport also for higher current
densities. In conclusion, the OLEDs with a graded structure in the light emitting
layer have shown to bear the potential for an increased quantum eﬃciency, a reduced
eﬃciency roll-oﬀ behaviour and a longer lifetime. By ﬁne tuning the structure of the
stacks examined in this thesis, e.g. by reducing the layer thicknesses of the HTL
and using a lower doping concentration, it is expected that the characteristics of the
graded structure can be even further improved.
In the second part of this thesis, impedance spectroscopy was tested as a tool
to detect intermixing in OLEDs with graded mixed structures. Single layers of pure
TCTA and TPBI were prepared to characterize the materials. Their conductivities
are found to be scattered over about one order of magnitude. A better control
over the fabrication process, especially a better vacuum in the evaporation chambers
probably can resolve this issue. It was possible to describe the frequency dependence
of the material's conductivity and dielectric constant by applying the UDR-theory
of Jonscher. The dielectric constants of TCTA and TPBI are estimated to be 2.7
respectively 3.2 at a frequency of 1000Hz. One uniformly mixed device was examined
to estimate the material parameters in the mixed device. The parameters are found to
be somewhere in between the values for the pure materials. Using a constant-phase-
element in parallel with a resistor it was possible to model the observed impedance of
pure MoO3 layers. The inﬂuence of MoO3 and the contacting layers on the measured
impedance spectra for devices of multiple layers were described by introducing such
a CPE-element in the equivalent circuit.
Finally, impedance spectroscopy was used to identify the degree of intermixing
in four diﬀerent graded devices. A new ﬁt function was introduced which allowed for
modelling a non-steady change of the conductance in the intermixed region. This
ﬁt function is able to identify the width of the intermixed region for all devices
analyzed in this thesis quite well. Improving this ﬁt function even further, it can
be expected that impedance spectroscopy can be used as a tool for the detection of
intermixing in solution processed devices. Executing impedance measurements for
solution processed layers can be a next step to achieve this goal.
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